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ABSTRACT 


This is the tenth in a series of evaluated sets of rate constants and photochemical cross 
sections compiled by the NASA Panel for Data Evaluation. The primary application of the data is 
in the modeling of stratospheric processes, with particular emphasis on the ozone layer and its 
possible perturbation by anthropogenic and natural phenomena. Copies of this evaluAt 
available from the Jet Propulsion Laboratory, California Institute of Technology, Library Section, 
MS 111-120, 4800 Oak Grove Drive, Pasadena, California, 91109. 
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INTRODUCTION 


CHEMICAL KINETICS AND PHOTOCHEMICAL DATA 
FOR USE IN STRATOSPHERIC MODELING 


The present compilation of kinetic and photochemical data represents the tenth 
prepared by the NASA Panel for Data Evaluation. The Panel was established in 1977 by the NASA 
Upper Atmosphere Research Program Office for the purpose of providing a critical tabulation of the 
latest kinetic and photochemical data for use by modelers in computer simulations of stratospheric 
chemistry. The previous publications appeared as follows: 


Evaluation Number 


Reference 


NASARP 1010, Chapter 1 
(Hudson, 1977) 


JPL Publication 79-27 
(DeMore et al., 1979) 


NASARP 1049, Chapter 1 
(Hudson and Reed, 1979) 


JPL Publication 81-3 
(DeMore et al., 1981) 


JPL Publication 82-57 
(DeMore et al., 1982) 

JPL Publication 83-62 
(DeMore et al., 1983) 

JPL Publication 85-37 
(DeMore etal., 1985) 


JPL Publication 87-4 1 
(DeMore et al., 1987) 


JPL Publication 90-1 
(DeMore et al., 1990) 


The present composition of the Panel and the major responsibilities of each member are 
listed below: 

W. B. DeMore, Chairman 

D. M. Golden (three-body reactions, equilibrium constants) 

R. F. Hampson (halogen chemistry) 

C. J. Howard (HO x chemistry, O(lD) reactions, singlet 02, metal chemistry, profiles) 

C. Kolb (heterogeneous chemistry) 
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M. J. Kurylo (SO x chemistry) 

M. J. Molina (photochemical data) 

A. R. Ravishankara (hydrocarbon oxidation, photochemical data) 
S. P. Sander (NO x chemistry) 


As shown above, each Panel member concentrates his effort on a given area or type of data 
Nevertheless, the final recommendations of the Panel represent a consensus of the entire Panel. 
Each member reviews the basis for all recommendations, and is cognizant of the final decision in 

every case. Communications regarding particular reactions may be addressed to the appropriate 
panel member. K 


W. B. DeMore 
S. P. Sander 

Jet Propulsion Laboratory 
183-301 

4800 Oak Grove Drive 
Pasadena, C A 91109 

D. M. Golden 
PS-031 

SRI International 
333 Ravenswood Ave. 

Menlo Park, CA 94025 

R. F. Hampson 
M. J. Kurylo 

National Institute of Standards and Technology 
Chemical Kinetics Division 
Gaithersburg, MD 20899 

C. J. Howard 
A. R. Ravishankara 
NOAA-ERL, R/E/AL2 
325 Broadway 
Boulder, CO 80303 

C. Kolb 

Aerodyne Research Inc. 

45 Manning Rd. 

Billerica, MA 01821 

M. J. Molina 

Department of Earth, Atmospheric, and Planetary Sciences 
and Department of Chemistry 
Massachusetts Institute of Technology 
Cambridge, MA 02139 


Ms an i Panel Ambers gratefully acknowledge the invaluable contributions of 

Ms. Grace Hallowell in the organization and production of this and previous evaluations. 
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Copies of this evaluation may be obtained by requesting JPL Publication 92-20 from: 

Jet Propulsion Laboratory 
California Institute of Technology 
Library Section, MS 111-120 
4800 Oak Grove Drive 
Pasadena, CA 91109 
Telephone: (818)354-5090 


BASIS OF THE RECOMMENDATIONS 

The recommended rate data and cross sections are based on laboratory measurements. In 
order to provide recommendations that are as up-to-date as possible preprints and written private 
communications are accepted, but only when it is expected that they will appear as published 
kurnal ancles In no case^ are rate constants adjusted to fit observations of stratospheric 
concentrations The Panel considers the question of consistency of data with expectations based 
onX theoT of reaction kinetics, and when a discrepancy appears to exist this fact is P°^doutn 
the accompanying note. The major use of theoretical extrapolation of data is m connection with 
three-body reactions, in which the required pressure or temperature dependence « sometimes 
unavailable from laboratory measurements, and can be estimated by use of appropriate theoretics 
treatment, 6 InThe case of important rate constants for which no experimental data are available 
the panel may provide estimates of rate constant parameters based on analogy to similar reactions 

for which data are available. 


RECENT CHANGES AND CURRENT NEEDS OF LABORATORY KINETICS 

In the present evaluation the numbers of new (80) and changed (42) recom -endations are 
greater than those of the previous evaluation, reflecting the continuing high level of activity in 
laboratory studies of atmospheric chemistry. Reactions of singlet molecular oxygen arei f ] 
for the first time. Another new addition is an appendix of model-generated concentration pro 
and J-values for important species in the upper atmosphere. The appendix listing heats of 
formation of many atmospheric species has been updated and expanded. 

Although the database for homogeneous reaction kinetics of the stratosphere is by now 
relatively mature, it is well to remember that no rate constant is known to better than 10% and 
many have uncertainties of 20% or more. The rate constant for the important reaction, OH + CH 4 , 
has been corrected in the present evaluation by approximately 20%. This change is typical of t a 
J 0 T many OH ^abstraction reactions, for which early measurements have often been erroneously 
high Such changes are important because oxidation by OH is the principal removal path for many 
trace species including man-made compounds such as the HCFCs (hydrochlorofluorocarbons). 
For reactions of this type, including Cl abstraction reactions, there is often some difficulty in 
reconciling high temperature (above 298 K) and low temperature (below 298 K) rate constant data. 
Early problems in evaluating the rate constant for the important Cl + CH 4 reaction were related to 
this situation The frequent observation is that Arrhenius plots of the rate constant data show 
upward curvature at low temperatures which cannot be explained by tunneling or by expected 
departures^om Arrhenius behavior. Some or perhaps all of these departures are due to secondary 
chemistry or reaction with walls and impurities. As a consequence, there is a continuing need for 
new techniques and approaches which minimize such errors. 
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As it is now well-recognized, the role of heterogeneous processes is one of the most uncertain 
areas of atmospheric modeling. Efforts have continued in many laboratories to quantify these 
effects and to provide a basis for their incorporation into the models. Substantial difficulties and 
uncertainties remain, however. Our evaluation of laboratory data for heterogeneous chemistry, 

" S, egan T the pr ? vl0us evaluation, now includes a recommendation of preferred values 
rather than just a compilation of reported data. 


Qir Reactions 

The kinetics of the 0, O2, and O3 system are relatively well-established. However, the 0 + 
02 + M reaction remains of fundamental importance in atmospheric chemistry. This is because 

♦ ofo + No7r? ? e nH Cti °An th ? relative ra ‘“ ° f “ m P eti "e reaction, ,uch a, O 

3, O + NO2, O + OH, and O + CIO. Additional studies of the ozone-forming reaction, or of its 

temperatures C ° mpared t0 the com P etin g reactions, would be useful, especially at very low 


Reaction s of Singlet Oxygen 
0(*D) Reactions 


The recommended rate coefficients for the O^D) 
of O^D), which includes both chemical reactions and 
Details on the branching ratios are given in the notes. 


reactions correspond to the rate of removal 
physical quenching of the excited 0 atoms. 


The O^D) reactions of 7 halocarbons have been added to this review. These compounds are 
generally long-lived trace species for which the reaction with O^D) in the stratosDhere mav 
reprint a mgnificant destruction process. There are new measurements IhTSprZ Z 
database for several of the hydrohalocarbons. Some of the latter seem to exhibit an unexpected 
efficiency for physical quenching of 0( 1 D). 


The kinetic energy or hot atom effects of photolytically generated O^D) are probably not 
important m the atmosphere, although the literature is rich with studies of these processes and^with 
studies of the dynamics of many 0(*D) reactions. The important atmospheric reactions of 0(*D) 
include: (1) deactivation by major gases, N 2 and 0 2 , which limit the 0(*D) steady state 

concentrations; (2) reaction with trace gases, e.g., H 2 0, CH 4 , and N 2 0, which generate radicals; 
and (3) reaction with long lived trace gases, e.g., HCN, which have relatively slow atmospheric 
degradation rates. There are no data for the 0( 1 D) + HCN reaction. 

O2 (*Aand *X) 


ai uJrit een r T Ct !° nS °L the and ^ excited states of molecular oxygen have been 

added to this evaluation. These states are populated via photochemical processes, mainly the UV 

photolysis of ozone and the reaction of 0(1 D ) with 0 2 . Over the years they have been proposed as 
contributors to various reaction schemes in the atmosphere, but as yet no significant role in the 
chemistiy of the stratosphere has been demonstrated. The fate of most of these excited species is 

ph n yaiCal quenchl ( n ® by m ea ns of energy transfer processes. In the few cases where chemical 
reaction occurs, it is indicated in the corresponding note. 
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HO- factions 


There has been no change in the database for HO x chemistry since the last evaluation. The 
H02 + 0 3 reaction rate coefficient remains one of the most significant uncertainties in the HO x 
system. High quality data at low temperatures are needed for this key reaction. 


NChr Reactions 

The changes to the database on NO x reactions are relatively minor. There are new entries 
for the reactions of OH + HONO, NH + NO, NH + N0 2 , and H + N0 2 . The latter is a reaction 
commonly used in laboratory preparations of the hydroxyl radical. There are minor changes to 
th™ recommendations for the Reactions NO ♦ H0 2 , NO ♦ NO 3 , OH ♦ NH 3 and NH 2 ♦ 0 2 due to 
recently published work. 


Hvdmcq r hf>n Oxidation 

The major change in the recommendations for the hydrocarbon oxidation chemistry since 
the last evaluation is the value for the rate coefficient for the reaction of OH with CH 4 , whic as 
been reduced by approximately 20%. Even though this is a rather small numerical change, it 1 
quite significant in the atmospheric budget and chemistry calculations. A few reactions dealing 
with atmospheric chemistry of ethane, peroxyacetyl nitrate (PAN), and simple organic acids have 
been added. In addition, small changes have been made for many rate coefficients. The 
accuracies of many rate coefficients have improved, and are refected in the revised 

constants. 

There still remain some areas of large uncertainties. The major such area is the reactions of 
peroxy radical reactions. Further work is needed to clarify the rate coefficients for many peroxy 
radicals Use of peroxy radical detection by methods other than UV absorption would be very 
beneficial Also, controlling the chemistry in the experimental system to minimize secondary 
reactions would be beneficial. The reactions involving PAN, CH 3 CN, and HCN also require 
some attention. PAN reactions may be important in the evaluation of the atmospheric 
acceptability of supersonic and subsonic aircraft and in estimating the long range transport of odd 
nitrogen in the upper troposphere. 


HaWen Reactions 

The kinetics database for homogeneous reactions of halogen species has been expanded 
since the previous evaluation. Rate coefficients for the reaction of OH with three Propane- 
substituted HCFCs have been added, increasing to twenty-three the number of "pote 
alternatives to the fully halogenated CFCs for which rate data for reaction with OH are now 
included. Rate coefficients for the reaction of chlorine atoms with eighteen of these species have 
also been added. Note that rate coefficient data for the reaction of these halocarbons with 0( D) are 
included in the 0( 1 D) section of Table 1. Rate coefficients have also been added for the reaction of 
chlorine atoms with PAN (CH 3 C 03 N 0 2 ), for the reaction of OH with CHF 2 Br (a proposed 
replacement for Halons), and for the reaction of OH with C1N0 2 . There have been only minor 
changes in the recommendations for reactions included in the previous evaluation with the 
exception of the O + OCIO reaction, for which the recommended bimolecular rate constant v^ue 
has been significantly reduced and a termolecular reaction component forming CIO 3 has been 
included. With these additions and improvements, the kinetics database for homogeneous gas- 
phase reactions of halogen species appears to be well-established. 
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SO*- Reaction a 


The database on homogeneous sulfur chemistry has seen only minor changes in the 
recommendations for the reactions that were included in the previous evaluation. However this 
section has undergone moderate expansion to include additional reactions of importance in the 
atmospheric oxidation of reduced sulfur compounds of natural and anthropogenic origin. These 
rtT Co 1 ™ 8 mc ude reactlons involved in the oxidation of the radical products CH3S, CH3SS, and 
CH3SSO. The database has also been expanded to include the reactions of SH with Fo Clo Bro 
and BrCl; the reactions of CS2 and CH3SH with Cl; as well as the reactions of HoS with Ch' SO'i 
with NH3, and CH3SCH3 with N2O5. 3 ’ 3 


Metal C hemistry 

Sodium is deposited in the upper atmosphere by meteors along with larger amounts of silicon 
magnesium, and iron; comparable amounts of aluminum, nickel, and calcium; and smalle^ 
amounts of potassium, chromium, manganese, and other elements. The interest is greatest in the 
alkali metals because they form the least stable oxides and thus free atoms can be regenerated 
through photolysis and reactions with O and 0 3 . The other meteoric elements are expected to form 

chemistry ° XideS ' A r6VieW ** PlanC U991) describes man y a *Pects of atmospheric metal 

„ , Th e t0tal .^ lu J x °. f a,kaIi m <; tals through the atmosphere is relatively small, e.g., one or two 
orders of magnitude less than CFMs. Therefore extremely efficient catalytic cycles are required 
in order for Na to have a significant effect on stratospheric chemistry. There are no 
measurements of metals or metal compounds in the stratosphere which indicate a significant role. 

t W 3 ?!, 1 * 6 ? P ™ P °? ed that the high, y P° lar metal compounds may polymerize to form clusters 
!r d -r ba \ the i stratospheric concentrations of free metal compounds are too small to play a 
significant role in the chemistry. " 

Some studies have shown that the polar species NaO and NaOH associate with abundant 
gases such as 02 and C0 2 with very fast rates in the atmosphere. It has been proposed that 
reactions of this type will lead to the production of clusters with many molecules attached to the 
atir^t C ° mP0Un f dS ' In T, St cases u thermal dissociation is slow, and photolysis competes with the 
dolTfnm l react ! 0n f and limits the cluster concentrations in daylight. If atmospheric sodium 
. 7ftno ? lar f e clusters - is unlikely that Na species can have a significant role in stratospheric 
ozone chemistry. In order to assess the importance of these processes, data are needed on the 
association rates and the photolysis rates involving the cluster species. 


Photochemical Date 

h - h t0 reduCe an im P° rtant source o f uncertainty in atmospheric modeling calculations 

high resolution measurements around 300 nm (i.e. in the Huggins bands) should be carried out for 

depe e ndtn S c 0 y. Ptl0n Cr ° SS SeCti ° nS ’ QUantUm yields f ° r ° lD P roduction and their temperature 

, F ® r f? 20 ?’ the Sma11 absor Ption cross sections beyond 320 nm are potentially veiy important 
or photodissociation in the polar stratosphere, and need to be further studied. In addition the 
emperature dependency of the absorption cross sections in the 300 nm region may be ’very 
important for HNO3, as well as for HO2NO2. y ^ 
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In the case of HCFCs, there are discrepancies among the available sets of UV absorption data 
on the magnitude of the temperature effect; further work in this area is still needed. 


Heterogep p™™ Chemistry 

There is no longer any question that heterogeneous processes on the surfaces of polar 
stratospheric cloud particles play a critical role in the chemistry of the winter and spring polar 
stratospheres Furthermore, there is increasing observational and modeling evidence tha 
heterogeneous reactions on background sulfuric acid aerosols may play a very important ro e 
stratospheric 8 processes at middatitudes, particularly when stratospheric sulfate levels are 

e ‘ eVa p^lar heterogeneous 0 chemical processes identified to date have a tendency to enhance the 
destruction of stratospheric ozone, primarily by converting relatively ^active reservoir species 
HC1 and C10N0 2 to more active Cl 2 and HOC1, which are easily photolyzed to Cl and CIO. In 
addition, interaction with PSC surfaces can remove N 2 0 5 and HNO3 vapor from the polar 
stratosphere, sequestering nitrogen oxides in the form of condensed phase mini : ac d and, . thus 
reducing the normal mitigating effect gaseous NO x can have on ^Ox-catalyzed ozone 
destructfon The net effect of these processes is a major buildup of C10 x radicals in PSC-proce 
X stratospheric air masses and, particularly over the Antarctic, a massive springtime 
destruction of stratospheric ozone. 

Model calculations also suggest that the reaction of stratospheric N2O5 wit! .liquid I water -in 
sulfuric acid aerosols to form HNO3 can have a significant impact on NCVHNO3 rat os 
lower mid-latitude stratosphere, bringing measured mid-latitude ozone lo “ e ® ,n “ be ^ 
agreement with observations. Models suggest that at current mid-latitude -ratios NOx/ClO, 

process increases ozone loss by lowering NO* levels and thus reducing the scavenpng of CIO by 
ClONOo formation. However, at higher NO x /C10 x ratios, such as those projec e o 
regions impacted by the exhaust from a future high altitude supersonic aircroa fleet, the projected 
X"o,Tl ozone "loss from homogenous NO* catalyzed destruction ,s greatly reduced or 

eliminated. 

The laboratory study of heterogeneous processes relevant to the stratosphere is an immature 
field in^comparison^ t^the measurement of gas phase kinetic and photodissociation Parameter, 
Heterogeneous experimental techniques are not yet as well developed and the interpretation 
ZeZentll data is significantly more complex. Nonetheless, over the past several years a 
number of experimental groups have made very significant progress and data from 
complementary techniques are increasingly available to help determine when the quantification 
ThJZZZfn WneL processes has been successfully distinguished from complicating mass 
transport and surface saturation processes. 

However it is well to remember that quantitative application of laboratory results on 
heterogeneous processes to the stratosphere is not straightforward. First, there is sti a s,gT ?* 1C ^, 
X of uncertainty in both the detailed chemical and physical characteristics of the droplet and 
particle surfaces present in the stratosphere and in how faithful the laboratory simulation of thes 

ScesTn various experimental configurations may be. Secondly, the rStTdToXren 
heterogeneous processes into models of stratospheric chemistry is very difficult and no current 
model^ incorporate formation of and reaction on dropletyparticle surfaces in a fully coupled and 
self-consistent way A great deal of effort will have to be expended before the modeling community 
is as adept at incorporating heterogeneous effects as they are in representing gas phase kinetic and 

photochemical processes. 
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Gaa Phare EnthnW TWo (Appendix 1) 


s table gives AHf(298) values for a number of atmospheric species. Most of the 
recommendations are based upon data in the IUPAC Evaluation (Atkinson et al., 1989) Some of 
the values are different from the current IUPAC recommendations, reflecting recent studies that 

have not yet been accepted and incorporated into that publication. These data are presented without 
citation or reference to the original source. presencea wiinout 


Profiles (Appendix 2) 

lemn presenting model-calculated altitude profiles for stratospheric 
?? C,eS concentrations, and photolysis rate coefficients has been added to this 
for hf n TheSe f data , aregIven to provide or der of magnitude" values of important parameters 

nrof W PUrP ° Se •? eva,uat,n e stratospheric kinetics and photochemical processes. Since the 

taken nT„ IT * TT" 8 SeaS °"’ h ° Ur ° f the da >- and ^itude, some care must be 
m how they are applied to specific problems. They are not intended to be standards for 

comparison with other model calculations. Some details of the model used to generate the profiles 

*r n 81 ^ f be .f nn1 "^ of Appendix 2. The efforts of Peter S. Connell and otfier members of the 
LLNL are gratefully acknowledged for providing these profiles. memners ot the 


RATE CONSTANT DATA 

l In J ab ^ e l (R a te Constants for Second Order Reactions) the reactions are grouped into the 
classes O x O(lD) Singlet 0 2 , HO x , NO x , Hydrocarbon Reactions, C10 x , BrO x , FO x SO x and 

^ ," S ' THe dSta " T8We 2 (KaU C °" st *" ts Three-Body Reactions) whili not 
Sel P nt d ° ? S n “ re presel ' led ,n lhe some order as the bimolecular reactions Further the 
presentation of photochemical cross section data follows the same sequence. 


BimoWniiir Beagtiom 

Tn -JSuFT thC reaction ® in Tab,e 1 are actually more complex than simple two-body reactions 
To explain the pressure and temperature dependences occasionally seen in reactions of this tvne it 

IIZIZT to /T de : ! he bim0,ecular class of reactions in terms of tZs^ca^es d£ 
(concerted) and indirect (non-concerted) reactions, * 

produrts^nd'D without b r 0 'T lar '* °" e in whi * the A and B proceed to 

products y and D without the intermediate formation of an AB adduct which has aDDreciahle 

ending, i.e no stable A-B molecule exists, and there is no reaction intermediate other than the 
transition state of the reaction, (AR Y* 


A + B -> (AB)* -> C + D 

The reaction of OH with CH 4 forming H 2 0 + CH 3 is an example of a reaction of this class. 

A wJZXZ* C0 7 elati0 " 8 between the expected structure of the transition state [AB]* and the 

constant can be made, especially in reactions which are constrained 
to follow a well-defined approach of the two reactants in order to minimize energy required te!n 

ll break,ng °f b0nds The rat * constants for these reactions are ^11 presented b^ 

the Arrtumiu. expression k = A exp(-E/RT) in the 200-300 K temperature range Thesfrate 
constants are not pressure dependent. H ge ' inese rfl te 
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The indirect or non-concerted class of bimolecular reactions is characterized by a more 
complex reaction path involving a potential well between reactants and products, leading 
bound adduct (or reaction complex) formed between the reactants A and B. 

A + B <-4 [AB]* — > C + D 

The intermediate [AB]* is different from the transition state [AB]* in that it is a bound molecule 
™!ch «n In principle, be isolated. (Of course, transition states are involved in all of the above 
reactions both* forward and backward, but are not explicitly shown.) An example of this reactio 
type is CIO + NO, which normally produces Cl + N0 2 - Reactions of the non-concerted type can 
have a more complex temperature dependence and can exhibit; « 

lifetime of [AB]* is comparable to the rate of collisional deactivation of [AB] . This anses because 
the relative rate at which [AB]* goes to products C + D vs. reactants A + B is a sensitive function of 
its excitation energy. Thus, in reactions of this type, the distinction between the bimolecular and 
termolecular classification becomes less meaningful, and it is especially necessary to s u Y sue 
reactions under the temperature and pressure conditions in which they are to be used n model 
calculation, or, alternatively, to develop a reliable theoretical basis for extrapolation of data. 

The rate constant tabulation for second-order reactions (Table 1) is given in Arrhenius 
form: k(T) = A exp ((-E/RX1/T)) and contains the following information: 

1. Reaction stoichiometry and products (if known). The pressure dependences are 
included, where appropriate. 

2. Arrhenius A-factor. 

3. Temperature dependence and associated uncertainty ("activation temperature 
E/R±AE/R). 

4 . Rate constant at 298 K. 

5. Uncertainty factor at 298 K. 

6. Note giving basis of recommendation and any other pertinent information. 


Termolen i1ar Reactions 

Rate constants for third order reactions (Table 2) of the type A + B <-» [AB] _» AB are given in 
the form 

k 0 (T) = k 300 (T/300)' n cm 6 molecule' 2 s' 1 , 


(where k 0 300 has been adjusted for air as the third body), together with a recommended value of n. 
Where pressure fall-off corrections are necessary, an additional entry gives the limiting lg 
pressure rate constant in a similar form: 


k (T) = k 3(10 (T/300)' m cm 3 molecule' 1 s' 1 . 
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To obtain the effective second-order rate constant for 
pressure (altitude), the following formula is used: 


a given condition of temperature and 


k(Z) = k(M,T) = ( 

1 + 


ko(T)[M] 


(koCTXMJ/k^CT)) 


■) 0.6 


n + flogjoOcoCDiMj/k^CD)] 


2.-1 


The fixed value 0.6 which appears in this formula fits the data for all listed reactions adequately 
dependent" PnnC,P ® quantity ma y be different for each reaction, and also temperature 

Thus, a compilation of rate constants of this type requires the stipulation of the four 
parameters, k o (300), n, k«,(300), and m. These can be found in Table 2. The discussion that 

follows outlines the general methods we have used in establishing this table, and the notes to the 
table discuss specific data sources. 


Low-Pressure Limiting Rate Constant [k£(T)J 


Troe (1977) has described 
constants. In essence this method 


a simple method for obtaining low-pressure limiting rate 
depends on the definition: 


k*(T) = p x k 


x 

o,sc 


(T) 


Here sc signifies "strong" collisions, x denotes the bath gas, and p x is an efficiency parameter (0 
<p <1), which provides a measure of energy transfer. 

The coefficient p x i s related to the average energy transferred in a collision with gas x 

H.s.. uiq • e» > 


Px _ <AE> X 

1-Px 172 " F E kT 


Notice that <AE> is quite sensitive to p. F E is the correction factor of the energy dependence of the 
density of states (a quantity of the order of 1.1 for most species of stratospheric interest). 

For man y of reactions of possible stratospheric interest reviewed here, there exist data in 
the low-pressure limit (or very close thereto), and we have chosen to evaluate and unify this data by 

calculating k£ sc (T) for the appropriate bath gas x and computing the value of p x corresponding to 

the experimental value [Troe (1977)]. A compilation (Patrick and Golden, 1983) gives details for 
many of the reactions considered here. K uetans ror 


From the p x values (most of which are for N 2 , i.e., p N2 ), we compute <AE> X according to the 
above equation. Values of <AE> N2 of approximately 0.3-1 kcal mole'* are generally expected If 
multiple data exist we average the values of <AE> N2 and recommend a rate constant 
corresponding to the PN2 computed in the equation above. 


T = 


Where no data exist we have estimated the low-pressure rate 
300 K, a value based on those cases where data exist. 


constant by taking Pn 2 = 0.3 at 
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Temperature Dependence of Low-Pressure Limiting Rate Constants: n 

l^on^f^AE 0 ^ from'th^dauf at 3(H) K^nd iTm^tXnTf (200 K) assuming that 
: a AE>N2 is independent of temperature in this range. This 0N2 (200 K) value is combing 
computed value of k Q s c (200 K) to give the expected value of the actual rate constant 
latter in combination with the value at 300 K yields the value of n. 

This procedure can be directly compared with measured values of k 0 (200 K) when those 
This proceau e available. There are often temperature- 

and A A e, oaen e ^d\a,ue^ that differ substantia,,,. we have used the method 

explained earlier as the basis of our recommendations. 

High-Pressure Limit Rate Constants [koo(T)] 

limit, ei /m\ nf .t „prv accurate a reasonable guess of koo(l) will 

tosufflce" in II 8 ; “t" ££2 S ce the’ fow-pressure Hmit is effective over 

the entire range of stratospheric conditions. 

Temperature Dependence of High-Pressure Limit Rate Constants: m 

There are very few data upon which to base a recommendation for values of m. Values in 
Table 2 are often estimated, based on models for the transition state of bond association reactions 

and whatever data are available. 


Uncertainty Estimates 

For second-order rate constants in Table 1, an estimate of the uncertainty at any given 
temperature may be obtained from the following expression. 

I AE / 1 1 \ I 

f(T) = «298) exp — ‘ ) 




11 



sslssss^*: 

<n?mi2t b? iwS^b^SoTOtre'SiU. 6 expresslon “PWE/ITO. The above express,™ for 

grea,e™hroTShTth“ n e« t ?^ l lr,‘ S e "kSTby Sc^im ’m af ' “““T “J •* 

asy^emc uncertain., es are given in the *££££ “affi" For' ’.Wc^.he faclora 
by which a rate constant are to be multiplied or divided to obtain, respectively unoer Lnd 
lower limits are not equal, except at 298 K where the factor is simnlv ffocift k i P £ 
equations are given below for the case where the temperature dependence te (E/R +a -b): 

For T > 298 K, multiply by the factor 


fl298 K)ef a ^298-1/T)] 


and divide by the factor 


fC298 K) e Hb( 1/298- 1/T)] 


For T < 298 K, multiply by the factor 


ff298 K)e f WbT- 1/298)1 


and divide by the factor 


fl298 Klefa^-' 1/298)] 


Examples of symmetric and asymmetric error limits are shown in Figure 1. 

For three-body reactions (Table 2) a somewhat analogous procedure is used Uncertainties 
expressed as mcrements to k 0 and k» are given for these rate constants at room temperat^ ^ 

in theltemjwrat!?^^ n^and ni. * empera ^ ure extrapolation is expressed as an uncertainty 

analysis / Rather > th e uncertainties are based on a knowledge of the techniques the 

t aulnS e ^ e r* mentS .’ and the P0tential for systematic errors. There is ob^ously no way 
to quantify these unknown errors. The spread in results among different techniques for a 

for/ 68 ? 10 " ma) : Pr ° Vide S ° me basis f0r an uncer tainty, but the possibility of same or 
probability 'd^tributtra^ayVot^llow^he^norm^f Gaussian ^m. eC Fw*m^sure^entsTubject^to 

ch fl mp A h* reCOmmended rate constants for the reactions H0 2 + NO and Cl + C10N0 2 have 
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Units 


The rate constants are given in units of concentration expressed as molecules per cubic 
centimeter and time in seconds. Thus, for first-, second-, and third-order reactions the units of k 
are s' 1 , cm 3 molecule' 1 s' 1 , and cm 6 molecule' 2 s' 1 , respectively. Cross sections are expressed as 

cm 2 molecule' 1 , base e. 
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Figure 1. Symmetric and Asymmetric Error Limits 




TABLE 1. RATE CONSTANTS FOR SECOND ORDER REACTIONS 



0+02^03 


Reactions 
(See Table 2) 


0 + 03->C>2 + 02 

<X 1 D) + N20->N2 + 02 
->NO+NO 

CK 1 D) + H2O -» OH + OH 
CK 1 D) + CH4 OH + CH3 
-4H2+CH2O 
CX 1 D) + H 2 ^ 0 H + H 

& O^D) + N2 -»0 + N2 
(X 1 D) + N2 ^N 20 
& CX X D) + O2 -> O + O2 
& CX 1 D) + CO2 -» O + CO2 
0 ( 1 D) + O3 ->C>2 + O2 
— » O 2 +O+O 
0 ( 1 D) + HC 1 -> products 
CX^D) + HF — » OH + F 
CX 1 D) + HBr -> products 
CX^D) + CI2 -* products 
0( 1 D) + CCI4 -> products 
CX 1 D) + CFCI3 -» products 
CX 1 D) + CF2CI2 -* products 
* CX 1 D) + CF4->CF 4 +0 
CX 1 D) + CCI2O -> products 


8.0xl0' 12 20601250 

(X 1 ™ Reactions 


4.9xl0 -11 

01100 

6.7xl0 41 

01100 

2.2xl0' 10 

01100 

1.4xl0' 10 

01100 

1.4X10' 11 

01100 

l.OxlO' 10 

fttlOO 

1.8X10' 11 

-(1101100) 

(See Table 2) 


3.2xl0 -11 

-(701100) 

7.4X10’ 11 

-(1201100) 

1.2xl0' 10 

QllOO 

1.2xl0' 10 

01100 

1.5xl0' 10 

01100 

1.4xl0" 10 

01100 

1.5xl0‘ 10 

QllOO 

2.8xl0- 10 

QllOO 

3.3xl0‘ 10 

01100 

2.3xl0' 10 

01100 

1.4xl0’ 10 

QllOO 

3.6xl0‘ 10 

01100 


8.0xl0' 15 115 M 


4.9xl0 _1 1 

1.3 

A2.A3 

6.7xl0 _11 

1.3 

A2.A3 

2-2X10* 10 

1 2 

A2,A4 

1.4xl0' 10 

1.2. 

A2.A5 

1.4X10' 11 

1.2 

A2,A5 

S’ 

O 

O 

1.2 

A2.A6 

2.6xl0 -11 

1.2 

A2 

4-OxlO' 11 

1.2 

A2A40 

l.lxlO" 10 

1.2 

A2 

1.2xl0' 10 

1.3 

A2, A7 

1.2xl0' 10 

1.3 

A2,A7 

1.5xl0' 10 

1.2 

A8 

1.4xl0' 10 

2.0 

A9 

1.5xl0" 10 

2.0 

A10 

2.8xl0' 10 

2.0 

All 

3.3xl0' 10 

1.2 

A2, A12 

2.3xl0' 10 

1.2 

A2, A12 

1.4xl0' 10 

1.3 

A2, A12 

2.0X10' 14 

1.5 

A2, A13 

3.6xl0' 10 

2.0 

A2, A14 
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Table 1 . (Continued) 



0(^D) + CPC10 -4 products 

1.9x1 O ' 10 

+ CP 2 O — > products 

7.4X10 ' 11 

<X l D) + NH 3 -4 OH 4 NH 2 

2.5xl0 ' 10 

^ 0(4)) 4 CF 3 C] — » products 

8.7X10 ' 11 

^ 0(^D) 4 CP 2 CICFCI 2 — > products 

2 x 10 - 1 ° 

* CX^D) 4 CF 3 CCI 3 -4 products 

2 xl 0‘ 10 

1 CX*D) 4 CF 2 CICF 2 CI -4 products 

1.3x10-1® 

0 ( 1 D) 4 CF 3 CPQ 2 — > products 

lxlO ' 10 

0(*D) 4 CF 3 CF 2 C] — > products 

5xlO'H 

CX^D) 4 c-C 4 Fg -4 products 

- 

0(4)) + CHFCI 2 products 

1.9xl0 - 10 

0(4)) + CHF 2 CI — * products 

1 . 0 x 10 - 1 ® 

0(4)) + CHF 3 -4 products 

8.4x10*12 

<X^D) + CH 2 P 2 —> products 

9.0x10*1 1 

0(4)) + CH 3 F -4 products 

1.4x10*1° 

CX^D) + CHCI 2 CF 3 — > products 

2 . 0 x 10 - 1 ° 

0(4)) + CHFQCF 3 products 

8 . 6 xl 0 - n 

CX^D) + CHF 2 CF 3 — > products 

1 . 2 xl 0- 10 

0(4)) + CH 2 C1CF 2 C1 -4 products 

1.6x1 O ’ 10 

CX^D) + CH 2 CICF 3 -4 products 

1 . 2 x 10 * 1 ° 

0(^D) + CH 2 FCF 3 — > products 

4.9x10"! 1 

CX^D) 4 CH 3 CFCI 2 — » products 

2 . 6 xl 0- 10 

0(4)) 4 CH 3 CF 2 CI -4 products 

2.2X10 ' 10 

0(^D) 4 CH 3 CF 3 -4 products 

1 . 0 x 10 "!® 


01100 

1.9xl0" 10 

2.0 A2, A14 

Oil 00 

7.4X10" 11 

2.0 A2.A14 

01100 

2.5xl0" 10 

1.3 A2.A15 

Oil 00 

8.7x10"!! 

13 A12A33 

01100 

2 x10"!° 

2.0 A12A34 

01100 

2 x10-1° 

2.0 A12.A35 

OtlOO 

1.3x10"!° 

13 A12,A36 

01100 

1 x10-1° 

2.0 A12.A37 

01100 

5x10-11 

1.3 A12.A38 

- 

8 xl0-l 3 

1.3 A12.A39 

01100 

1.9x10-1° 

1.3 A16, A12 

01100 

1 .0x10-1° 

12, A17.A12 

01100 

8.4x10*12 

5.0 A18, A12 

OtlOO 

9.0x10*11 

3.0 A19, A12 

01100 

1.4x10*1° 

2.0 A20, A12 

OtlOO 

2 .0x10-!° 

1.3 A21, A12 

01100 

8 .6x10*11 

1.3 A22, A12 

OtlOO 

1 .2x10-1° 

2.0 A23.A12 

01100 

1 .6x10-1° 

2.0 A24, A12 

Oil 00 

1 .2x10-1° 

1.3 A25, A12 

01100 

£ 
>— * 
O 

1 

I—* 

1.3 A26.A12 

OtlOO 

2 .6x10-1° 

1.3 A27.A12 

OtlOO 

2 .2x10-1° 

1.3 A28.A12 

OtlOO 

1 .0x10-1° 

3.0 A29.A12 
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Table 1. (Continued) 


= 

Reaction 

A-Factor a 

e/r±(ae/r> 

k(298 K) 

f(298) b 

Notes 

* 

CK 1 D) + CH 3 CHF 2 -» products 

2 . 0 xl 0‘ 10 

OtlOO 

2 . 0 xl 0‘ 10 

1.3 

A30, A12 

* 


* 

- 

1.5xl0 ‘ 13 

1.5 

A31 

* 

0( 1 D) + SF 6 -> products 

- 

- 

1 . 8 xl 0" 14 

1.5 

A32 



ginglet Oo Reactions 




# 

O^^A) + 0 -> products 

- 

- 

< 2 xl 0' 16 

- 

A41 

# 

O^A) + O 2 -> products 

3.6xl0 ' 18 

220±100 

1.7xl0 ' 18 

12 

A42 

# 

02 ( 1 A) + O 3 -> 0 + 202 

5.2X10 ’ 11 

28401500 

3.8xl0 ‘ 15 

1.2 

A43 

# 

O^A) + H 2 O -> products 

- 


4.8xl0 ‘ 18 

1.5 

A44 

# 

C^A) + N -* NO + 0 

- 

* 

<9xl0 - 17 

- 

A45 

# 

O^^A) + N 2 -> products 


* 

< 10 - 2 ° 

- 

A46 

# 

02 ( 1 A) + CO 2 -» products 


- 

< 2 xl 0' 20 

- 

A47 

# 

O^D + O -> products 

- 

* 

8 xl 0' 14 

5.0 

A48 

# 

O^ 1 !) + O 2 -> products 

- 

- 

3.9xl0 - 17 

1.5 

A49 

# 

C# 1 !) + O 3 — > products 

2 . 2 xl 0 _11 

01200 

2.2X10 ' 11 

1.2 

A50 

# 

C^ 1 !) + H 2 O -> products 

- 

* 

5.4xl0 " 12 

1.3 

A51 

# 

02(^L) + N -* products 

- 

- 

< 10 - 1 3 

- 

A52 

# 

O^ 1 !) + N 2 -» products 

2 -lxlO 45 

01200 

2 -lxlO " 18 

12 

A53 

# 

+ CO 2 — ► products 

4.2xl0 " 13 

01200 

4.2xl0 ' 13 

1.2 

A54 



HO~ Reactions 





H + 02 ^H 0 3 

(See Table 2) 






H + O 3 -+OH + O 2 

1.4x1 O' 10 

4701200 

2.9xl0 -11 

1.25 

B1 


H + HO 2 -* products 

8-lxlO' 11 

01100 

8-lxlO- 11 

1.3 

B2 


0 + 0H-^02 +H 

2.2X10- 11 

-(1201100) 

3.3X10' 11 

1.2 

B3 


0 + HO 2 -* OH + O 2 

3.0X10- 11 

-(2001100) 

5.9xlO'U 

12 

B4 
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Table 1 . (Continued) 


Reaction 

O + H 2 O 2 -+OH + HO 2 

A-Factor a 

1.4xlO' 12 

E/Ri(AE/R) 

2000±1000 

k(298 K) 
1.7xl0' 15 

f(298) b 

2.0 

Notes 

B5 

OH + HO 2 - 4 H 2 O + O 2 

4.8xl0' n 

-(2501200) 

l.lxlO' 10 

1.3 

B6 

OH + 03-^02 + 02 

1.6x10 _ ^2 

9401300 

6.8xl0' 14 

1.3 

B7 

OH + OH — > H 2 O + O 

4.2xl0' 12 

2401240 

1.9x10'^ 

1.4 

B8 

^H202 

(See Table 2) 





OH + H 2 O 2 -> H 2 0+ HO 2 

2.9xl0' 12 

1601100 

1.7xl0" 12 

1.2 

B9 

OH + H 2 -> H 2 0+ H 

5.5x10'^ 

20001400 

6.7xl0' 15 

1.2 

B10 

& H02 + H02 —* H202 + 02 

2.3xl0- 13 

-(6001200) 

1.7xl0' 12 

1.3 

Bll 

^ H 2 P 2 + O 2 

1.7x10- 33 [M] 

-00001400) 

4.9x1 0' 32 [M] 

1.3 

Bll 

& H02 + 0 3 ^OH + 2O2 

l.lxlO' 14 

500 

50*100 

2.0xl0' 15 

1.3 

B12 


NQv Reactions 




N + O 2 -+NO + O 

1.5xl0- n 

36001400 

8.5xl0" 17 

1.25 

Cl 

N + O 3 — > NO + O 2 


- 

< 2 . 0 xl 0' 16 

- 

C2 

& N + NO -» N 2 + 0 

3.4x10 11 

OllOO 

3.4x10 11 

1.3 

C3 

N + NO 2 — > N 2 O + 0 

- 

- 

3.0xl0 " 12 

3.0 

C4 

O + NO 5* N0 2 

(See Table 2 ) 





0 + NO 2 -* NO + O 2 

6.5x10'12 

- 0201120 ) 

9.7xl0 ‘ 12 

1.1 

C5 

O + NO 2 ^no 3 

(See Table 2 ) 





0 + NO 3 — » O 2 + NO 2 

l.OxlO ' 11 

01150 

l.OxlO ' 11 

1.5 

C6 

0 + N 2 O 5 — » products 

- 

- 

<3.0xl0 ' 16 

- 

C7 

0 + HNO 3 -> OH + N 0 3 

- 

- 

<3.0xl0 ‘ 17 

- 

C8 

0 + H 0 2 N 02 -* products 

7.8xl0- n 

34001750 

8 . 6 xl 0- 16 

3.0 

C9 

H + NO 2 -* OH + NO 

4.0x10'^ 

3401300 

1.3xl0 10 

1.3 

CIO 

O 3 +NO- 4 NO 2 + O 2 

2 . 0 xl 0' 12 

140Q1200 

1 . 8 x 10- 14 

1.2 

Cll 
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Table 1. (Continued) 


Reaction 

A-Factoi^ 

E/R±(AE/R) 

k(298 K) 

f (298) b ” 

Notes 

* NO + HO 2 -» NO 2 + OH 

3.7xl0 ' 12 

-(250±80) 

8 . 6 xl 0' 12 

1.2 

C12 

* NO + NO 3 -* 2 NO 2 

1.5xl0 41 

-(170±100) 

2.6X1C 11 

1.3 

C13 

OH + NO ^ HONO 

(See Table 2) 





OH + NO 2 ^ HNO 3 

(See Table 2) 





OH + NO 3 -> products 

- 

- 

2.3X1C 11 

2.0 

C14 

# OH + HONO -* H 2 O + NO 2 

1 . 8 xl 0 - n 

200 

39(lt 500 

4.5xl0 ' 12 

1.5 

C15 

OH + HNO 3 -> H 2 O + NO 3 

(See Note C16 and * below) 


1.3 

C16 

OH + HO 2 NO 2 -* products 

1.3xl0 ' 12 

270 

^ 380± 50C 

4.6xl0 ‘ 12 

1.5 

C17 

HO 2 + NO 2 ?^H 02 N 02 

(See Table 2) 





HO 2 + NO 3 -» products 

- 

* 

4.1xl0 ‘ 12 

2.0 

C18 

Q 3 + NO 2 -» NO 3 + O 2 

i. 2 xicr 13 

2450±150 

3.2xl0 " 17 

1.15 

C19 

O 3 + HNO 2 — » O 2 + HNO 3 

- 

- 

<5.0xl0 ' 19 

- 

C20 

NO 2 + NO 3 ^n 2 o 5 

(See Table 2) 





* N 02 +N 03 ->N 0 + N 02+02 

(See Note) 




C21 

N 2 O 5 + H 2 O — > 2 HNO 3 

- 

- 

< 2 . 0 xl 0‘ 21 

- 

C22 

# NH + NO -> products 

4.9X10 ' 11 

0±300 

4.9xl0 _11 

1.5 

C23 

# NH + NO 2 -> products 

3.5xl0 ‘ 13 

-(11401500) 

1 . 6 xl 0 ' n 

2.0 

C24 

* OH +■ NH 3 — » H 2 0 + NH 2 

1.7xl0 ' 12 

7101200 

1 . 6 xl 0' 13 

1.2 

C25 

NH 2 + HO 2 -» products 

- 

- 

3.4xlC U 

2.0 

C26 


* OH + HNO 3 pressure and temperature dependence fit by 


k(M,T) = k 0 + - 
1 + 


k 3 [M] 

k 3 (M] 

~2 


with 


{ 


kQ=7.2xlO' 15 exp(785/T) 
k 2 = 4.1xl0“ 16 exp(1440/T) 
kg = 1.9xl0" 33 exp(725/T) 
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Table 1 . (Continued) 


= 

Reaction 

NH 2 + NO — » products 

A-Factor 0 

3.8xl0 ‘ 12 

E/Ri(AE/R) 

-(450±150) 

k(298 K) 
1.7X10 ' 11 

f(298) b 

2.0 

Notes 

C27 


NH 2 + NO 2 -> products 

2 . 1 xl 0' 12 

-(6501250) 

1.9X10 ' 11 

3.0 

C28 

1 

* NH 2 + C >2 — > products 

- 

- 

< 6 . 0 xl 0' 21 

- 

C29 


NH 2 + O 3 -> products 

4.3xl0 ' 12 

9301500 

1.9xl0 ' 13 

3.0 

C30 



Hydrocarbon Rpnrt;n n<T 





OH + CO -» CO 2 

1.5xl0’ 13 (l + 0.6P atm ) 

0±300 1.5xl0- 13 (l + 0.6P atm ) 

1.3 

Dl 

4t 

OH + CH 4 -> CH 3 + H 2 O 

2.9x1 O ' 12 

1820+200 

6.5x10"^ 

1.1 

D 2 

4c 

OH+iScai^iacHg + H^ 

(See Note) 




D3 

4c 

OH + C 2 H 6 -+H 2 O + C 2 H 5 

8.7xl0 - 12 

10701100 

2.4xl0 ' 13 

1.1 

D4 

4c 

OH + C 3 H 8 ->H 20 + C 3 H 7 

l.lxlO ' 11 

7001100 

l.lxlO ' 12 

1.2 

D5 


OH + C 2 H 4 — » products 

(See Table 2) 






OH + C 2 H 2 —> products 

(See Table 2) 






OH + H 2 CO -> H 2 O + HCO 

1 -OxlO " 11 

01200 

l.OxlO'H 

1.25 

D 6 


OH + CH 3 OH — > products 

6.7x10'^2 

6001300 

8.9xl0 " 13 

12 

D7 

4c 

OH + C 2 H 5 OH — » products 

7.0xl0 - 12 

2351100 

3.2X10 ' 12 

1.3 

D 8 


OH + CH 3 CHO -* CH 3 CO + H 2 O 

6 . 0 xl 0‘ 12 

-(2501200) 

1.4X10 ' 11 

1.4 

D9 


OH + CH 3 OOH — > products 

3.8x1 O ' 12 

-( 2001200 ) 

7.4x10'^ 

1.5 

D 10 

# 

OH + HC(0)0H — > products 

4.5xl0 ' 13 

01200 

4.5xl0 " 13 

1.3 

Dll 

# 

OH + CH3C(0)OH — > products 

1 . 2 xl 0' 12 

1701150 

6 . 8 xl 0‘ 13 

1.5 

D 12 


OH + HCN — » products 

1 . 2 xl 0‘ 13 

4001150 

3.1xl0 ' 14 

3.0 

D13 

* 

OH + CH 3 CN — > products 

7.8xl0 ' 13 

10501200 

2.3xl0 - 14 

1.5 

D14 

# 

OH + CH 3 C( 0 ) 02 N 02 — > products 

l.lxlO '^ 2 

6501400 

1 . 2 xl 0- 13 

3.0 

Dl5 


O 3 + C 2 H 2 — » products 

l.OxlO * 14 

41001500 

l.OxlO ' 20 

3.0 

D16 


O 3 + C 2 H 4 — » products 

1 . 2 xl 0' 14 

26301100 

1.7X10 ' 18 

1.25 

D17 
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Table 1. (Continued) 


Reaction 

A-Factor a 

E/R±(AE/R) 

k(298 K) 

f(298) b 

Notes 

O 3 + C 3 H 6 products 

6.5xl0 ' 15 

1900±200 

l.lxlO ' 17 

\2 

D18 

HO 2 + CH 2 O — » adduct 

6.7xl0 ' 15 

-(600±600) 

5.0xl0 ' 14 

5.0 

D19 

& 0 + HCN products 

l.OxlO ' 11 

400011000 

1.5xl0 " 17 

10.0 

D20 

0 + C 2 H 2 — > products 

3-OxlO ' 11 

16001250 

1.4xl0 ' 13 

1.3 

D21 

0 + H 2 CO -> products 

3.4X10 ' 1 1 

16001250 

1 . 6 xl 0' 13 

1.25 

D22 

O + CH 3 CHO -> CH 3 CO + OH 

1 . 8 x 1 O ' 11 

11001200 

4.5xl0 ' 13 

1.25 

D23 

0 + CH 3 -> products 

l.lxlO ' 10 

0±250 

l.lxlO ' 10 

1.3 

D24 

CH 3 + O 2 -> products 

- 

- 

<3.0xl0 " 16 

- 

D25 

CH 3 + O 2 ^CH 302 

(See Table 2) 





C 2 H 5 + O 2 — ► C 2 H 4 + HO 2 

- 

- 

< 2 . 0 xl 0" 15 

- 

D26 

C 2 H 6 + O 2 C 2 H 5 O 2 

(See Table 2) 





CH 2 OH + O 2 -» CH 2 O + HO 2 



9.1xl0 ' 12 

1.3 

D27 

CH 3 O + O 2 -* CH 2 O + HO 2 

3.9xl0 ' 14 

90Q1300 

1.9xl0 * 15 

1.5 

D28 

# C 2 H 5 O + O 2 -» CH 3 CHO + HO 2 

3.1xl0 ‘ 14 

4001400 

8 . 1 xl 0' 15 

2.0 

D29 

# C 2 H 5 O + NO -* products 

(See Table 2) 





# C 2 H 5 O + NO 2 -» products 

(See Table 2) 





HCO + O 2 -» CO + HO 2 

3.5xl0 ' 12 

-( 1401:140) 

5.5X10 ' 12 

1.3 

D30 

CH 3 + O 3 -> products 

5.4xl0 * 12 

2201150 

2 .6xl0' 12 

2.0 

D31 

CH 3 O 2 + O 3 -> products 

- 

- 

<3.0xl0' 17 

- 

D32 

* CH 3 O 2 + CH 3 O 2 -> products 

2.5xl0 ' 13 

-(1901190) 

4.7xl0 ' 13 

1.5 

D33 

CH 3 O 2 + NO -» CH 3 O + NO 2 

4.2xl0 ' 12 

-(180±180) 

7.7X10 ' 12 

1.5 

D34 

CH 3 O 2 + NO 2 H CH 3 O 2 NO 2 

(See Table 2) 





* CH 3 O 2 + HO 2 -» products 

3.8xl0 ' 13 

-(800±400) 

5.6X10 ' 12 

2.0 

D35 

# CH 3 O 2 + CH3C(0)O2 -> products 

1.4X10 ' 11 

01400 

1.4xl0 -11 

2.0 

D36 
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Table 1 . (Continued) 


Reaction 

A-Factor a 

E/RiUE/R) 

k(298 K) 

f(298) b 

Notes 

* Q 2 H 5 O 2 + C 2 H 5 Q 2 — » products 

1.5X10' 13 

270±270 

6.1xl0 14 

2.0 

D37 

C 2 H 5 O 2 + NO products 

8.9xl0' 12 

0±300 

8.9xl0' 12 

1.3 

D38 

^ C 2 H 5 O 2 + HO 2 — > products 

6.5x10*13 

-(6501300) 

5.8xl0 12 

2.0 

D39 

* CH3CXOX>2 + CH3C(0)02 — ► products 

2.5xl0' 12 

-(5501250) 

1.6xl0* n 

2.0 

D40 

CH3C(0)02 + NO — > products 

2.4X10' 11 

01200 

2.4X10' 11 

2.0 

D41 

CH3C(0)02 + NO 2 products 

(See Table 2) 





CH3C(0)02 + HO 2 — * products 

4.5xl0' 13 

-(10001600) 

1.3X10" 11 

2.0 

D42 

& NO 3 + CO -> products 

- 


<4.0xl0 ' 19 

* 

D43 

NO 3 + CH 2 O products 

* 

- 

5.8xl0 16 

1.3 

D44 

NO 3 + CH 3 CHO — > products 

1.4x10"^ 
ClOv Reac 

1900±300 

tion? 

2.4xl0 ‘ 15 

1.3 

D45 

& a + 03 + cio + 02 

2.9xl0 -11 

2601100 

l.ZxlO " 11 

1.15 

El 

cuh 2 ->hci + h 

3.7xl0- n 

23001200 

1 . 6 xl 0‘ 14 

1.25 

E2 

a + CH 4 -*Ha + CH 3 

l.lxlO ' 11 

14001150 

l.OxlO ' 13 

1.1 

E3 

a + C 2 H (5 -» hci + c 2 h 5 

7.7X10 ’ 11 

90190 

5.7xlO"H 

1.1 

E4 

a+C3Hg^Ha + C 3 H 7 

1.4X10 ' 10 

-(401250) 

1 . 6 xl 0" 10 

1.5 

E5 

Cl + C 2 H 2 -> products 

(See Table 2 ) 





& a + CH 3 OH -> ch 2 oh + hq 

5.7xl0' n 

01250 

5.7xl0 -11 

1.5 

E6 

a + CH 3 CN — > products 

- 

- 

< 2 . 0 xl 0- 15 

- 

E7 

a + ch 3 q -> ch 2 q + Ha 

3.3X10 ' 11 

12501200 

4.9xl0 ‘ 13 

1.2 

E8 

# a + cH 2 a 2 ^Ha + cHci 2 

3.1xl0' n 

13501500 

3.3xl0 13 

2.0 

E9 

* a + cna 3 -» hci + CCI 3 

4.9xl0 ' 12 

12401500 

7.6xl0 ' 14 

3.0 

E10 

* a + cHFa 2 -> hci + cFa 2 

- 

- 

l.OxlO ' 14 

3.0 

Ell 

» a + CH 2 Fa ->Ha + cHFa 

2 . 1 xl 0 -11 

13901500 

1.9xl0 ' 13 

3.0 

E12 
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Table 1. (Continued) 


Reaction 


A-Factor a 


E/R±(AE/R) k(298 K) 8298^ N^tes 


# 

Cl + CH 2 F 2 -* HC1 + CHF 2 

1.7xl0' n 

16301500 

7.1x10 14 

3.0 

E13 

# 

Cl + CH 3 F -> HC1 + CH 2 F 

4.8xl0 " 12 

7701500 

3.6xl0 ' 13 

1.5 

E14 


ci + CH 3 CCI 3 -» ch 2 cci 3 + hci 


- 

<4.0x10'^ 

- 

E15 

# 

Cl + CHCI 2 CF 3 -» HC1 + CC 1 2 CF 3 

• 

- 

1 . 2 xl 0' 14 

1.5 

E16 

# 

a + CHFCICF 3 -» hci + CFQCF 3 


- 

2.7xl0 " 15 

2.0 

E17 

# 

Cl + CH 2 CICF 3 -> HCI + CHCICF 3 

1 . 8 xl 0' 12 

17ia±500 

5.9xl0 ' 15 

3.0 

E18 

# 

Cl + CHF 2 CHF 2 -> HCI + CF 2 CHF 2 

8 . 2 xl 0' 12 

24301500 

2.4xl0 ' 15 

3.0 

E19 

# 

Cl + CH 2 FCF 3 — » HCI + CHFCF 3 

- 

- 

1.4xl0 ' 15 

3.0 

E2Q 

# 

a + CH 3 CFCI 2 -» hci + CH 2 CFCI 2 


- 

2 . 2 xl 0" 15 

1.5 

E21 

# 

Cl + CH 3 CF 2 CI -* HCI + CH 2 CF 2 C1 


- 

3.9xl0 - 16 

3.0 

E22 

# 

Cl + CH 2 FCHF 2 -» HCI + CH 2 FCF 2 

5.5xl0 ' 12 

16101500 

2.5xl0 ‘ 14 

3.0 

E23 


-> HCI + CHFCHF 2 

7.7xl0 ‘ 12 

17201500 

2.4x10'^ 

3.0 

E23 

# 

a + CH 3 CF 3 -> hci + CH 2 CF 3 

1.2xl0' n 

38801500 

2.6xl0' 17 

5.0 

E24 

# 

a + CH 2 FCH 2 F -> HCI + CHFCH 2 F 

2.6X10- 11 

10601500 

7.5xl0' 13 

3.0 

E25 

# 

a + CH 3 CHF 2 -> hci + ch 3 cf 2 

6.4xl0‘^ 2 

9501500 

2.6xl0' 13 

1.5 

E26 


HCI + CH 2 CHF 2 

7.2xl0" 12 

23901500 

2.4xl0' 15 

3.0 

E26 

# 

ci + CH 3 CH 2 F -» hci + CH 3 CHF 

1.8xl0' n 

2901500 

6.8xl0' 12 

3.0 

E27 


— > HCI + CH 2 CH 2 F 

1.4xl0' U 

8801500 

7.3xl0' 13 

3.0 

E27 

# 

Cl + CH 3 C 03 N 02 -> products 

- 

- 

<lxl0'^ 4 


E28 


a + H 2 CO -4 HCI + HCO 

8 .1xKr n 

301100 

7.3xl0' u 

1.15 

E29 


Cl + H 2 02 -» HCI + H0 2 

l.lxlO' 11 

9801500 

4.1xl0' 13 

1.5 

E30 


Cl + HOC1 -» Cl 2 + OH 

3.0xl0' 12 

1301250 

1.9xl0' 12 

2.0 

E31 


Cl + HNO 3 -> products 

- 

- 

<2.0x1 O' 16 

- 

E32 


ci + ho 2 -> hci + o 2 

1.8xl0 -11 

-(1701200) 

3.2xl0' U 

1.5 

E33 


->oH+ao 

4.1x10'^ 

4501200 

9.1xl0' 12 

2.0 

E33 
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Table 1. (Continued) 


Reaction 
Cl + CI2O -* CI2 + CIO 


A-Factor a E/R±(AE/R) k(298 K) ft298)k Notes 

9.8X10’ 11 0+250 


3.4x1c 11 


-060+200) 


Cl + OCIO -» CIO + CIO 

‘ a + cioo -> a 2 + 02 
->ao+ao 

Cl + CI2O2 — > products 
Cl + CIONO2 products 
Cl + NO ^ NOC 1 

Cl + NO2 ^ CIONO (CINO2) 
Cl + NO3 + QO + NO2 

Cl + N 2 0 + C10 + N 2 

a + aNo^No + a2 

a +02^ ci 00 
Cl + co ^5 C 1 CO 
CIO + O — > Cl + O2 
CIO + NO + NO2 + Cl 
QO + NO2 ^ C 10 N 0 2 
CIO + NO3 — > products 
CIO + H 0 2 HOC1 + O2 

CIO + H 2 CO — » products 
CIO + OH — > products 
CIO + CH4 — > products 
CIO + H 2 -> products 
CIO + CO — > products 


2.3xl0" 10 

0±250 

1.2X10’ 11 

0±250 

6.8xl0' 12 

-(160±200) 

(See Table 2) 


(See Table 2) 


2.6xl0' n 

0±400 

(See Note) 


5.8xl0 41 

-(100+200) 

(See Table 2) 


(See Table 2) 


3.0xl0 -11 

-(70±70) 

6.4x10'^ 

-(290±100) 

(See Table 2) 


4.0xl0"l 3 

0+400 

4.8xl0’ 13 

-(70°±7oo) 

-l.OxlO’ 12 

>2100 

l.lxlO' 11 

-(120±150) 

-l.OxlO'^ 2 

>3700 

-l.OxlQ'* 2 

>4800 

-1.0xl0‘^ 2 

>3700 


9.8xl0 -11 

1.2 

E34 

ox 

bo 

X 

* 

o 

I—* 

L25 

E35 

2.3xlC 10 

3.0 

E36 

1.2X10' 11 

3.0 

E36 

l.OxlO* 1 ® 

2.0 

E37 

1.2X10- 11 

1.3 

E38 


2.6x1c 11 

2.0 

E39 



E40 

8.1x1c 11 

1.5 

E41 


3.8x1c 11 

12 

E42 

1.7xl0‘ n 

1.15 

E43 

4.0xl0" 13 

2.0 

E44 

5.0xl0‘ 12 

1.4 

E45 

<1.0xlC 15 

- 

E46 

1.7X10' 11 

1.5 

E47 

<4.0xl0- 18 

- 

E48 

<1.0xl0 -1 ^ 

- 

E48 

<4.0xl0' 18 

_ 

E48 
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Table 1. (Continued) 


Reaction 

A-Factor a 

E/R±(AE/R) 

k(298 K) 

— M 


CIO + N 2 O -» products 

-l.OxlO " 12 

>4300 

< 6 . 0 xl 0' 19 

- 

E48 

& CIO + CIO -> products 

8 . 0 xl 0' 13 

12501500 

1 . 2 xl 0' 14 

2.0 

E49 

^Cl 202 

(See Table 2) 





* CIO + O 3 ClOO + O 2 



<1.4xl0"l^ 

- 

E50 

-»oao +02 

l.OxlO ' 12 

>4000 

< 1 . 0 xl 0' 18 

- 

E50 

& CIO + CH 3 O 2 -» products 

(See Note) 




E51 

OH + CI 2 -» HOC1 + Cl 

1.4xl0 ' 12 

9001400 

6.7xl0 ' 14 

1.2 

E52 

OH + HC 1 -> H 2 O + ci 

2 . 6 xl 0" 12 

3501100 

8 -OxlO ' 13 

1.3 

E53 

OH + HOC1 -> H 2 O + CIO 

3.0xl0 ' 12 

5001500 

5.0xl0 ' 13 

3.0 

E54 

OH + CH 3 CI -> CH 2 C1 + H 2 o 

2 . 1 xl 0' 12 

11501200 

4.4xl0 ' 14 

1.2 

E56 

OH + CH 2 CI 2 -> CHCI 2 + H 2 O 

5.8xl0 ' 12 

11001250 

1.4xl0 ' 13 

1.2 

E56 

OH + CHCI 3 -4 CCI 3 + H 2 O 

4.3xl0 ' 12 

11001200 

l.lxlO ' 13 

1.2 

E57 

OH + CCI 4 -4 products 

-l.OxlO ' 12 

>2300 

<5.0xl0 ' 16 

- 

E58 

OH + CFCI 3 -4 products 

-l.OxlO ' 12 

>3700 

<5.0xl0 ' 18 

- 

E50 

OH + CF 2 CI 2 -» products 

- 1 . 0 x 1 

>3600 

< 6 . 0 xl 0' 18 

2.0 

EGO 

OH + CHFCI 2 -* CFCI 2 + H 2 O 

1 . 2 xlL { 

11001200 

3-OxlO ' 14 

1.2 

E61 

OH + CHF 2 CI -4 CF 2 CI + H 2 O 

1 . 2 xl 0' 12 

16501300 

4.7xl0 ' 15 

1.3 

E62 

OH + CH 2 CIF -4 CHC1F + H 2 O 

3.0xl0 ' 12 

12501200 

4.5xl0 ' 14 

12 

E63 

* OH + CH 3 CCI 3 -4 CH 2 CCI 3 + H 2 O 

1 . 8 xl 0' 12 

15501150 

l.OxlO ' 14 

1.1 

E64 

* OH + CHCI 2 CF 3 - 4 CCI 2 CF 3 + H 2 O 

7.7xl0 ' 13 

9001300 

3.8xl0 ' 14 

1.3 

E65 

& OH + CHFCICF 3 -4 CFCICF 3 + H 2 O 

6 . 6 xl 0' 13 

12501300 

l.OxlO ' 14 

1.3 

E 66 

OH + CH 2 CICF 2 CI -4 CHCICF 2 CI + H 2 O 3.6xl0 ' 12 

16001400 

1.7xl0 ' 14 

2.0 

E67 

OH + CH 2 CICF 3 -» CHCICF 3 + H 2 O 

5.2xl0 ' 13 

11001300 

1.3xl0 " 14 

1.3 

E 68 

* OH + CH 3 CFCI 2 -4 CH 2 CFCI 2 + H 2 O 

1.3xl0 ' 12 

16001300 

6 . 0 xl 0' 15 

1.3 

EGO 
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Table 1 . (Continued) 


Reaction 


A-Factor a E/R±(AE/R) k(298 K) R298) 13 Notea 


OH + CH 3 CF 2 C1 -4 CH 2 CF 2 C1 + H 2 0 1.4 x 10' 12 


# OH + CF3CF2CHC12 -> 
CF 3 CF 2 CC 1 2 + H 2 0 

1.5xl0 ‘ 12 

* OH + CF 2 C1CF 2 CHFC1 -> 
CF 2 C1CF 2 CFC1 + h 2 o 

5.5xl0 ’ 13 

* OH + CH3CF2CFC1 2 -> 

CH 2 CF 2 CFC1 2 + h 2 o 

7.7xl0 ‘ 13 

^ OH + C 2 C 14 — » products 

9.4xl0 ‘ 12 

& OH + C 2 I ICI 3 —> products 

4.9xl0"l 3 

# OH + QN 02 -4 HOQ + N 02 

- 

OH + C10N02 -4 products 

1 . 2 xl 0‘ 12 

O + Ha -4 OH + Cl 

1 . 0 x 10"! 1 

0 + HOC1 -4 OH + CIO 

1 . 0 x 10 "!! 

O + Q0N0 2 -4 products 

2.9xl0 " 12 

0 + a 2 o -> CIO + CIO 

2.9x10"!! 

* ocio + 0 -4 ao + o 2 

2.5x10-12 

ocio + ao 3 

(See Table 2 ) 

OCIO + O 3 — > products 

2 . 1 xl 0- 12 

oao + OH HOC] + O 2 

4.5x10"^ 

OCIO + NO -> NO 2 + CIO 

2.5xl0‘l 2 

OI 2 O 2 + 03 ^ products 

- 

C1202 + NO — » products 

- 

& HC 1 + NO 3 -> HNO 3 + ci 

- 

HC] + CIONO 2 ► products 

- 

HC1 + HO 2 NO 2 — » products 

- 

H 2 O + CIONO 2 products 

. 


180Q±200 

3.3xl0' 15 

12 

E70 

1250±200 

2.3xl0" 14 

1.3 

E71 

1250±200 

8.3xl0" 15 

1.3 

E72 

1700±300 

2.6xl0"l 5 

2.0 

E73 

12001200 

1.7xl0" 13 

1.25 

E74 

-(4501200) 

2.2xl0"12 

1.25 

E75 

- 

3.5xl0" 14 

3.0 

E76 

3301200 

3.9xl0" 13 

1.5 

E77 

33001350 

1.5xl0" 16 

2.0 

E78 

220011000 

6.0xl0"l 3 

10.0 

E79 

8001200 

2.0xl0-l 3 

1.5 

E80 

6301200 

3.5xl0"l 2 

1.4 

E81 

9501300 

l.OxlO" 13 

2.0 

E82 

470011000 

3.0xl0-l 9 

2.5 

E83 

-(8001200) 

6.8x10-12 

2.0 

E84 

600±300 

3.4xl0"l 3 

2.0 

E85 

- 

<1. OxlO‘1 9 

- 

E86 

- 

<2.0xl0"l 4 

- 

E87 

- 

<5.0x10"!^ 

- 

E88 

- 

<1.0xl0- 20 

- 

E89 

- 

<1.0xl0"21 

- 

E90 

- 

<2.0x10-21 

_ 

E91 
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Table 1. (Continued) 


k(298 K) fl298) b Notes 


CF 2 CIO 2 + NO -► CF 2 CIO + NO 2 

3-lxlO ' 12 

-(500±200) 

1 . 6 xl 0 ' n 

1.3 

E92 

CFCl2°2 + NO -> CFCI 2 O + NO 2 

3.5xl0 ' 12 

-(4301200) 

1.5xlO- U 

1.3 

E93 

CCI 3 O 2 + NO -> CCI 3 O + NO 2 

5.7xl0 ' 12 

-(3301200) 

1.7xl0- n 

1.3 

E94 


BrOv Reactions 




Br + O 3 -» BrO + O 2 

1.7xl0 -11 

8001200 

1 . 2 xl 0' 12 

1.2 

FI 

Br + H 2 O 2 — > HBr + HO 2 

l.OxlO ' 11 

>3000 

<5.0xl0 " 16 

■ 

F2 

Br + H 2 CO -» HBr + HCO 

1.7x1 O ' 11 

8001200 

l.lxlO ' 12 

1.3 

F3 

Br + H 02 ->HBr + 02 

1.5xl0' n 

6001600 

2 . 0 xl 0' 12 

2 . 0 - 

F4 


(See Table 2) 





Br + NO 2 ^BrN02 





Br + CI 2 O -» BrCl + CIO 

2-OxlO ' 11 

5001300 

3.8xl0 ' 12 

2.0 

F5 

Br + OCIO BrO + CIO 

2 . 6 xl 0 -11 

13001300 

3.4xl0 - 13 

2.0 

F 6 

Br + CI 2 O 2 -* products 

- 

- 

3.0xl0 ' 12 

2.0 

F7 

BrO + 0 -> Br + O 2 

3.0xl0' n 

01250 

3.0X10 - 11 

3.0 

F 8 

BrO + CIO -» Br + OCIO 

1 . 6 xl 0" 12 

-(4301200) 

6 . 8 xl 0‘ 12 

1.25 

F9 

— >Br +CIOO 

2.9xl0 ' 12 

-( 2201200 ) 

6 . 1 xl 0' 12 

1.25 

F9 

— > BrCl +O 2 

5.8xl0‘ 13 

-(1701200) 

l.OxlO ' 12 

1.25 

F9 

BrO + NO -» NO 2 + Br 

8.8xl0' 12 

42601130) 

2 -lxlO ' 11 

1.15 

F10 

BrO + NO 2 ^ Br0N02 

(See Table 2) 





i BrO + BrO -> 2 Br + O 2 

1.4x10'^ 

41501150) 

2.3xl0 ' 12 

1.25 

Fll 

— > Br 2+02 

6.0xl0' 14 

46001600) 

4.4xl0 ' 13 

1.25 

Fll 

BrO + O 3 -> Br + 202 

-l.OxlO' 12 

>1600 

<5.0xl0' 1 ^ 

- 

F12 

‘ BrO + HO 2 -» products 

6.2xl0' 12 

45001500) 

3.3X10 ' 11 

3.0 

F13 

BrO + OH -» products 

- 

- 

l.OxlO ' 11 

5.0 

F14 

OH + Br 2 -* HOBr + Br 

4.2xlO -11 

01600 

4.2X10 ' 11 

1.3 

F15 
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Table 1 . (Continued) 


A-Factor a E/RHAE/R) k(298 K) f(298) b NoteT 


OH + HBr -4 H 2 0 + Br 

l.lxlO ' 11 

0±250 

l.lxlO " 11 

1.2 

F16 

* 0 H + CH3Br-»CH2Br + H 20 

3.6xl0 - 12 

1430±150 

3.0xl0 - 14 

1.1 

F17 

# OH + CHF 2 Br -> CF 2 Br + H 2 O 

7.4x10*13 

13001500 

9.4xl0 ’ 15 

3.0 

Fl 8 

& OH + CF 2 Br 2 — > products 

- 


<5.0xl0 ' 16 

- 

Fl9 

^ OH + CF 2 ClBr — > products 

- 


<1.5x10*16 

- 

F 20 

& OH + CF 3 Br — » products 

- 

* 

< 1 . 2 xl 0’ 16 

- 

F 21 

^ OH + CF 2 BrCF 2 Br — » products 

- 

* 

<1.5xl0 - 16 

- 

F 22 

O + HBr -> OH + Br 

5.8x10*12 

1500±200 

3.8xl0 ' 14 

1.3 

F23 

& NO 3 + Br -4 BrO + NO 2 

- 


1.6X10 ' 11 

2.0 

F24 

& NO 3 + BrO — > products 

- 

- 

l.OxlO ' 12 

3.0 

F25 

& NO 3 + HBr -4 HNO 3 + Br 

- 

* 

< 1 . 0 xl 0- 16 

- 

F26 


FOv Reaf 

tions 




F + O 3 — > FO + O 2 

2 . 8 xl 0 -11 

2301200 

1.3X10 ' 11 

2.0 

G 1 

F + H 2 -> HF + H 

1.4x10*10 

5001200 

2.6X10' 11 

1.2 

G2 

F + CH 4 -4 HF + CH 3 

3.0xl0' 10 

4001300 

8 -OxlO ' 11 

1.5 

G3 

F + H 2 O -> HF + OH 

1.4xl0'H 

01200 

1.4xl0‘ n 

1.3 

G4 

F + 02 ^F 02 

(See Table 2 ) 





F + NO ** FNO 

(See Table 2 ) 





F + N02 ^ FN0 2 (F0N0) 

(See Table 2 ) 





F + HNO 3 - 4 HF + NO 3 

6.0x10*12 

-(4001200) 

2.3xl0' n 

1.3 

G5 

NO + FO — > NO 2 + F 

2 . 6 xlO*H 

01250 

2.6X10' 11 

2.0 

G6 

PO + FO -> 2 F + O 2 

1.5xlO*H 

01250 

1.5X10 - 11 

3.0 

G7 

FO + O 3 - 4 F + 2 O 2 

(See Note) 




G8 

-4 FO 2 + O 2 

(See Note) 




G8 
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Table 1. (Continued) 




PO + N 02 M F 0 N 02 

(See Table 2 ) 


0 + FO -> F + O2 

5 -OxlO' 11 


O + FO2 — > FO + O2 

5 -OxlO' 11 


OH + CHF3 — > CF 3 + H 2 0 

1 . 5 xl 0 ' 12 

* 

OH + CH2F2 -» CHF2 + H2O 

1 . 9 xl 0 ' 12 


OH + CH3F -> CH2F + H2O 

5 . 4 xl 0 ' 12 

* 

OH + CHF2CF3 -> CF2CF3 + H2O 

5 . 6 xl 0 ' 13 


OH + CHF2CHF2 -» CF2CHF2+ H2O 

8 . 7 xl 0 ' 13 

& 

OH + CH2FCF3 -» CHFCF3 + H2O 

1 . 7 xl 0 ' 12 


OH + CH2FCHF2 -> products 

2.8xl0' 12 

* 

OH + CH3CF3 — » CH2CF3 +H2O 

1.6xl0' 12 


OH + CH2FCH2F -» CHFCH2F + H2O 

1 . 7 xl 0 -11 

& 

OH + CH3CHF2 -» products 

1 . 5 xl 0 ‘ 12 


OH + CH3CH2F -> products 

1 . 3 x 1 O' 11 


CF3O2 + NO -» CF3O + NO2 

3 . 9 xl 0 ' 12 


01250 

5-OxlO' 11 

3.0 

G9 

01250 

5-OxlO" 11 

5.0 

G10 

26501500 

2.1xl0' 16 

1.5 

Gil 

15501300 

l.OxlO’ 14 

1.3 

G12 

17001300 

1.8xl0" 14 

1.2 

G13 

17001300 

1.9xl0‘ 15 

1.3 

G14 

15001500 

5.7xl0- 15 

2.0 

G15 

17501300 

4.8xl0- 15 

1.3 

G16 

15001500 

1.8xl0' 14 

2.0 

G17 

21001300 

1.4xl0' 15 

1.3 

G18 

15001500 

l.lxlO" 13 

2.0 

G19 

11001200 

3.7xl0" 14 

1.2 

G20 

12001300 

2.3xl0' 13 

2.0 

G21 

-(4001200) 

1.5X10' 11 

1.3 

G22 


"Reactions 


& 

& 


0H+H2S-+SH+H20 

6.0xl0' 12 

OH + OCS -* products 

l.lxlO' 43 

OH + CS2 -> products 

(See Note) 

OH + SO2 ^HOS02 

(See Table 2) 

O + H2S -» OH + SH 

9.2xl0' 12 

O + OC$ -» CO + so 

2-lxlO- 11 

0 + CS2 — >cs + so 

3.2xl0' n 

O3 + H2S products 

- 


75175 

4.7xl0' 12 

1.2 

HI 

12001500 

1.9xl0- 15 

2.0 

H2 




H3 


18001550 

2.2xl0' 14 

1.7 

H4 

22001150 

1.3xl0‘ 14 

1.2 

H5 

6501150 

3.6xl0' 12 

1.2 

H6 


<2.0xl0" 20 

- 

H7 
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Table 1. (Continued) 


Reacti on 


A- Factor 8 E/R±(AE/R) k(298 K) ff298^ Notes' 


S + C>2->S0 + 0 


2.3xl0‘ 12 


0 ± 200 ) 


S + O3-4SO + O2 
S + OH -* SO + H 
SO + O2 — >S02 +0 
SO + O3 — >S02 + O2 
SO + OH -> SO2 + H 
SO + NO2 -4 SO2 + NO 
S0 + C10->S02 + C1 

so + ocio->so2 + cio 

SO + BrO -* SO2 + Br 
SO2 + HO2 — > products 
SO2 + CH3O2 — » products 
SO2 + NO2 — > products 
SO2 + NO3 — * products 

502 + O3 — »S03 +O2 

503 + H2O — > H 2 S 0 4 
SO3 + NO2 — » products 

# SO3 + NH3 — > products 
C 1 + H 2 S->HC 1 + SH 

ci + ocs-»sci + co 

# Cl + CS2 — > products 

# Cl + CH3SH -> CH3S + HC 1 
CIO + OCS — » products 
CIO + SO2 a + SO3 


2.6xl0‘ 13 24001500 

3.6xl0- 12 11001200 

1.4X10" 11 0150 

2.8xl0' n 0t50 


3.0xl0’ 12 >7000 


5.7X10' 11 0150 


2.3xl0' 12 

1.2 

H8 

1.2X10' 11 

2.0 

H9 

6.6x10’^ 

3.0 

H10 

8.4x10"^ 

2.0 

Hll 

9.0xl0' 14 

1.2 

H12 

8.6X10’ 11 

2.0 

H13 

1.4x10"^^ 

1.2 

H14 

2.8X10* 11 

1.3 

H15 

1.9xl0’ 12 

3.0 

Hl6 

5.7X10* 11 

1.4 

H17 

<1.0xl0- 18 

- 

Hl8 

<5.0xl0- 17 

- 

H19 

<2.0xl0‘ 26 

- 

H20 

<7.0xl0‘ 21 

* 

H21 

<2.0xl0" 22 

- 

H22 

<6.0xl0- 15 

- 

H23 

l-OxlO' 19 

10.0 

H24 

6.9X10' 11 

3.0 

H25 

5.7X10" 11 

1.3 

H26 

<1.0xl0- 16 

- 

H27 

<4.0xl0'^ 8 

- 

H28 

1.4x1 0’ 10 

1.4 

H29 

<2.0xl0‘ 16 

- 

H30 

<4.0xl0‘^ 8 

. 

H30 
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Table 1. (Continued) 


A _p nrt , nr a E/RKAE/K) k(298 K) f(298) b M«>^ 





<5.0xl0 ' 15 


H31 

SH + H 2 O 2 -> products 




1 . 6 xl 0" 10 

5.0 

H32 

SH + O — > H + SO 




<4.0xl0 ' 19 

- 

H33 

SH + 02 ^ 0 H + SO 

SH + O 3 -> HSO + O 2 
sh + noHhsno 
SH + NO 2 -» HSO + NO 

9.0xl0 ' 12 
(See Table 2) 

2.9xl0 -11 

2801200 

3.5xl0 " 12 

1.3 

H34 

-(2401100) 

6.5X10 ' 11 

1.3 

H35 

SH + F 2 ->FSH + F 

4.3X10 ' 1 1 

13901200 

4.0xl0 " 13 

2.0 

H36 

SH + Cl 2 -* C1SH + Cl 
SH + Br 2 — > BrSH + Br 

1.7xlC n 

6 . 0 xl 0 -11 

6901200 

1.7xl0 ' 12 

2.0 

H36 

-(1601160) 

l.OxlO " 10 

2.0 

H36 

SH + BrCl -» products 

2.3xl0 -11 

-(3501200) 

7.4X10 ' 11 

2.0 

H36 




< 2 . 0 xl 0' 17 

- 

H37 

HSO + O 2 -> products 




l.OxlO " 13 

1.3 

H38 

HSO + O 3 -> products 




< 1 . 0 xl 0' 15 

- 

H39 

HSO + NO products 




9.6xl0 ' 12 

2.0 

H39 

HSO + NO 2 -> HSO 2 + NO 




3.0xl0 ' 13 

3.0 

H40 

HS 02 + 02 ->H 02 + b 02 

hoso 2 + 02 -» H 02 + S 03 

1.3xl0 ‘ 12 

3301200 

4.4xl0 ' 13 

1.2 

H41 


2.9xl0 ' 19 

2.0 

H42 

CS + 02 -^OCS + 0 




3.0xl0 ' 16 

3.0 

H43 

CS + O 3 — > OCS + O 2 




7.6xl0 ' 17 

3.0 

H43 

CS + NO 2 — > OCS + NO 

: OH + CH 3 SH -» products 

9.9x10 ' 12 

-(3601100) 

3.3X10 ' 11 

1.2 

H44 

: OH +■ CH 3 SCH 3 -» H 2 O + CH 2 SCH 3 

l.lxlO " 11 

2401100 

4.9xl0 ' 12 

1.2 

H45 

: OH + CH 3 SSCH 3 -> products 

5.7X10 ' 11 

43801300) 

2-OxlO ' 10 

1.3 

H46 




< 8 . 0 xl 0' 16 

- 

H47 

NO 3 + H 2 S -> products 




nvin-16 

. 

H48 
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Table 1 . (Continued) 


A-Factor a E/R±(aE/K) k(298 K) f(298) b Notes 


NO 3 4 CS 2 —» products 

- 

* 

<4.0xl0 " 16 

- 

H49 

& NO 3 + CH 3 SH — » products 

4.4xl0 ’ 13 

-< 210 ± 210 ) 

8.9xl0 " 13 

1.25 

H50 

& NO 3 + CH 3 SCH 3-4 products 

1.9xl0 ' 13 

-(500±200) 

l.OxlO'l^ 

1.2 

H51 

NO 3 + CH 3 SSCH 3 — > products 

1.3xl0 - 12 

270±270 

5.3xl0"l 3 

1.4 

H52 

* N 2 O 5 + CH 3 SCH 3 — > products 

- 

- 

< 1 . 0 xl 0‘ 17 

- 

H53 

CH 3 S + O 2 — > products 

- 

- 

<3.0xl0 - 18 

- 

H54 

* CH 3 S + O 3 -> products 

- 

- 

5.4x10'^ 

1.3 

H55 

^ CH 3 S 4 NO -4 products 

- 

- 

< 1 . 0 xl 0" 13 

- 

H56 

& CH 3 S 4 NO 2 -* CH 3 SO 4 NO 

- 

- 

5.6x10"!! 

1.3 

H57 

CH 3 SO 4 O 3 — > products 

- 

- 

6 . 0 xl 0"! 3 

1.5 

H58 

& CH 3 SO 4 NO 2 -► CH 3 SO 2 4 NO 

- 

- 

1.2X10 - 11 

1.4 

H59 

* CH 3 SS 4 O 3 -4 products 

- 

- 

4.6xl0 "! 3 

2.0 

H60 

^ CH 3 SS 4 NO 2 — > products 

- 

- 

1 . 8 xl 0 " n 

2.0 

H61 

* CH 3 SSO 4 NO 2 -4 products 

- 

- 

4.5xl0"^2 

2.0 

H61 


Metal Reaction 




Na + O 2 ^Na 02 

(See Table 2 ) 





* Na + O 3 NaO 4 O 2 

7.3xl0 - 10 

01200 

7.3xl0 - 10 

1.2 

J 1 

-4 Na<> 2 4 0 

- 

- 

<4.0x10"!! 

- 

J 1 

* Na 4 N 2 O -4 NaO 4 N 2 

2 . 8 xl 0- 10 

1600±400 

1 . 3 x 10-12 

12 

J2 

Na + CI 2 -4 NaCl 4 Cl 

7.3xl0 - 10 

01200 

O 

f-H 

b 

f-H 

CO 

1.3 

J3 

NaO 4 0 — > Na 4 O 2 

3.7xl0 * 10 

01400 

3.7x10"!° 

3.0 

J4 

NaO + 02 ^Na 0 3 

(See Table 2 ) 





NaO 4 O 3 -4 Na 02 4 O 2 

1 . 6 xl 0‘ 10 

01400 

1 .6x10"!° 

2.0 

J5 

— > Na 42 Q 2 

6 . 0 x 10 "! 1 

01800 

6.0X10 ’ 11 

3.0 

J5 
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Table 1. (Continued) 


NaO + H2 -> NaOH + H 

2.6X10' 11 

Q±600 

2.6X10' 11 20 

J6 

NaO + H2O — » NaOH + OH 

2.2xl0' 10 

0±400 

2.2xl0' 10 20 

J7 

NaO + NO -> Na + NO2 

1.5xl0" 10 

0±400 

1.5xl0" 10 40 

J8 

NaO + CO2 H NaC03 

(See Table 2) 




NaO + HC1 -» products 

2.8xl0‘ 10 

0±400 

2.8xl0' 10 30 

J9 

Na02 + NO-> NaO + NO2 

- 

- 

<10-1 4 

J10 

Na02 + HC1— > products 

2.3xl0" 10 

0±400 

2.3xl0 10 30 

Jll 

NaOH + HC1 -4 NaCl + H2O 

2.8xl0' 10 

Qt400 

2.8xl0" 10 30 

J12 

NaOH + CO2 ^ NaHC03 

(See Table 2) 




a Units are cm 3 /molecule-sec. 
b {(298) is the uncertainty factor at 298 K. 

To calculate the uncertainty at other temperatures, use the 



expression: 


f(T) = f(298) exp I (-y- * 555“ ) j 


Note that the exponent is absolute value. 


& 

* 

# 


Indicates a 
Indicates a 
Indicates a 


change in the Note. 

change from the previous Panel evaluation (JPL 90-1). 
new entry that was not in the previous evaluation. 


33 





A1 ' °li + j 0 f' 7* recomrr ' ended rate expression is from Wine et al. (1983) and is a linear least squares fit of 
all data (unwe.ghted) from Davis et al. (1973b), McCrumb and Kaufman (1972) West et al (1978) 
Arnold and Comes (1979), and Wine et al. (1983). ( 

A2. 0( J D) Reactions. These recommendations are based on averages of the absolute rate constant 

measurements reported by Streit et al. (1976), Davidson et al. (1977) and Davidson et al. (1978) for NoO, 

airmen*’ HP 2> ° 2 ’,?w CCl4 ; ?j FCl3 ’ CF2 ° l2 ’ NH3, and C ° 2; by Amimoto et al. (1978), Amimoto et 

^FoCll tnd CP° r h W ,C 7 p 1 d ' t i 98 l a ’ b) f ° r N2 °’ H2 °’ CH4 ' N2 ’ H2 - 02. 03. C0 2 . CC1 4 , CFCI3, 

Sp ? u d °f 4; by ' ne and Rav,shankara dMl. 1982, 1983) for N 2 0, H 2 0, N 2 , H 2 , 0 3 , C0 2 and 

(iSsL^d llw f an H O te °H n n Pri r^ Communication - 1980 > ^ N 2 , 0 2 and C0 2: by Lee and Slanger 
n! Tpo T H ^°, md e °* by Gencke and Comes (1981) for H 2 ; and by Shi and Barker (1990) for 
2 and C°2- The weight of the evidence from these studies indicates that the results of Heidner and 

ForThe cHt 73 ’l H r dne r a ' (1973> and Fletcher and Husain (1976a, 1976b) contain a systematic error 
For the critical atmospheric reactants, such as N 2 0, H 2 0, and CH 4 , the recommended absolute rate ' 

cons n are in goo agreement with the previous relative measurements when compared with No as 
a^eemerit' 6 reaCtEnt ' A 81mi,ar com P arison ™ th °2 as the reference reactant gives somewhat poorer 

A3. 0< 1 D) + N 2 0. The branching ratio for the reaction of 0(lD) with N 2 0 to give N 2 + 0 2 or NO + NO is an 

average of the values reported by Davidson et al. (1979); Volltrauer et al. (1979); Marx et al (1979) and 
Lam et al. (1981), with a spread in k(NO + NO)/k(TOTAL) = 0.52 - 0.62. The r^ommended hnmdZ 
ra 10 agrees well with earlier measurements of the quantum yield from N 2 0 photolysis (Calvert and 

itts 1966b). The 0( D) translational energy and temperature dependence effects are not clearly 

V a Ravishankara < 1982 > have determined that the yield of 0(3 P ) from 0(1 D ) + NoO is 
<4.0%^ The uncertainty for this reaction includes factors for both the overall rate coefficient and the 
twvlni 7 °n lreCt measurement by Gre enblatt and Ravishankara (1990) of the NO yield from 

6 0( + N 2° reactlon ,n the Presence of airlike mixtures agrees very well with the value predicted 

using the recommended 0(1 D ) rate constants for N 2 , 0 2 , and N 2 0 and the CX^D) + N 2 0 product 

unceS tV. T ^ SUggeSt tHat th6ir reSUltS SUpport the recommendations and reduce the 
uncertainty in the collected rate parameters by over a factor of two. 

A4 ^ 1 ?L + H ;7 7 a ? Urem ?T ° f thC ° 2 + H2 Pr ° duct yield were made by Zellner et al. (1980) ( 1 + 0.5 
°/ andby G u hn and B ^ rks (1985) (0.6 + 0.7 or -0.6)%. Wine and Ravishankara (1982) have 
determined that the yield of 0(^P) from 0(*D) + H2O is <(4.9±3.2)%. 

A5. Q( 1 D) + CH 4 The branching ratio for the reaction of 0( l D) with CH 4 to give OH + CH 3 or CH 2 0 + Ho is 

7. L,n and DeMore (1973). A molecular beam study by Casavecchia et al. (1980) indicates that an 
additional path forming CH3O (or CH 2 OH) + H may be important. This possibility req^res further 

CH^s^ 1 ^ Wme and RaVlshankara (1982) have determined that the yield of 0( 3 P) from 0( J D) + 

“ p^Tum h! OH and BaViSh “ kar, (1982) ‘1» yieU of 0<3P) i. <4.9%. The m ajor 

A7. O(lD) + O3. The branching ratio for reaction of 0(lD) with O3 to give 0 2 + 0 2 or 0 2 + O + O is from 
avenport et a . (1972). This is supported by measurements of Amimoto et al. (1978) who reported that 
on average one ground state O is produced per 0(1 D ) reaction with 0 3 . It seems unlikely that this could 
result from 100% quenching of the 0(*D) by O3. 

A8 ' w (lD) + , HC1 ' ^ recommendation is the average of measurements by Davidson et al. (1977) and 
+ c'l(67 t ±10)% 986) ' Pr ° dUCt StUdiCS by the latter indieate: °( 3p > + HC1(9±5)%; H + C10(24±5)%; and OH 
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A10. 


All. 


A12. 


A13. 


Ag O(lD) + HF. Rate coefficient and product yield measured by Wine et al. (1984, private 
communication). The CK 3 P) yield is less than 4%. 

0<lD)*HBr. Rate coefficient and products measured by Wine et bI. (1986). Product yield.: HBr t 
0( 3 P) (20±7)%, H + BrO <4.5%, and OH + Br (80±12)%. 

(X'D) * CIO. Rate coefficient and 0< 3 P> product mea.ured by Wine et .1. (1985a). Product yield.: Cl 2 * 
CH 3 P) (251101%. The balance is probably CIO + Cl. An earlier indirect study by eu ens 
Biedenkapp (1976) is in reasonable agreement on the yield ot UU. 

0(lD) e halocarbons. The halocarbon rate constant, are for the total J 

nrobablv include physical quenching. Product, of the reactive channel, may include CX3O ♦ X. CXpO e 

of 

CIO formation = (55±15)% (Donovan, private communication, 1980). 

0( 1 D) +CF 4 (CFC-14) The recommendation is based upon the measurement by Ravishankara et ah 
«•»> who report 9218% physical 

limit. 

CK 1 D) + CC1 2 0, CFCIO and CF 2 0. For the reaction, of (X >D) with CC1 2 0 and CFCIO the recomm.nd.d 
rateconstenU at. derived from da,, of Fletcher and Husain (1978b 

^r^i S, w the p«,“„ of Creased reactivity with incased (Win. substitution observed or 
oSS haWarbons. These reactions have been studied only at 298 K. Based on consideration of similar 
0,1 ID reactions, it is assumed that E1R equals sero, and therefore the value shown for the A-factor 
been set equal to k(298 K). 

A15. 0( l D) + NH 3 . Sanders et al. (1980a) have detected the products NH(a 1 A) and OH formed in the 
reaction. They report the yield of NHla 1 A) is in the range 3-15% of the amount of OH detected. 

A16 0( 1 D) + CHFCI2 (HCFC-21). The recommendation is based upon the measurement by Davison et al. 

(1978) of the total rate coefficient (physical quenching and reaction). 

OflD) + CHFoCl (HCFC-22). The recommendation is based upon the measurements by Davison et al. 

Addison et al. (1979) reported the following product yields: CIO 55±10%, CF 2 45±10%, 0( ) + or 

- 15 %, and OH 5%, where the 0( 3 P) comes from a branch yielding CF 2 and HC1. Warren et al. (1991) 
also report a yield of 0( 3 P) of 28±6%, which they interpret as the product of physical quenching. 

A18 0( 1 D) + CHF3. (HFC-23) The recommendation is based upon the measurement of Force and 

Wiesenfeld (1981a) who also reported that the rate coefficient is partitioned between physical quenching 


A14. 


A17. 
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(77%) and reactive loss of CHF 3 (23%). The recommendation has a large error limit because it seems 
inconsistent with the recommended value for the analogous compound CHF2CF3. 

A19 ' commendation is based upon the relative rate measurement of Green 

and Wayne (1976/77a) who measured the loss of CH 2 F 2 relative to the loss of N 2 0. The 
recommendation for N 2 0 is used to obtain an estimated rate coefficient for reactive loss of CH 2 F 2 
4.6x10- . This has been increased by a factor of two to obtain the recommendation based on the 

assumption that physical quenching will account for about 50% of the total O^D) loss. This estimate is 
ma e by analogy to the data for CHF3 and CH3F from Force and Wiesenfeld (1981a). 

A20 ' Wi^nfeldfllai r, C -? 1)16 T° i mmendati0n i9 based Up ° n the "“dement °f Force and 

(25%) thC rBte COefSdent " Partiti ° ned b6tWeen Phy8kal qUencWng 

A2L man + ^ Cl2 w 3 ' (HCFC ' 123) ^ ^commendation is based upon measurements by Warren et al 
CHCl CF^eLtr; oieasurement of Green and Wayne (1976/77a) who measured the loss of 

for N 2 n F3 f w 1,6 089 ° f N2 ° agreCS We " With the recommendation when the recommendation 
for N 2 0 is used. Warren et al. report 21±8% physical quenching. 

A22 ' ?!?l + n CH >, C,FCF3 ; o 1 H ?r C ‘ 124) 7116 recommendatlon is based upon the measurement of Warren et 
al, (1991) who report 31±10% physical quenching. 

A23 min + GHF 2 CF 3 q (HFC-125) ^e recommendation is based upon the measurement of Warren et al 

C H F 9 CF^r elati ve toth 1 f^n^ 1 ^ Uenching : Green and Way "* (1976/77a) measured the loss of 

. 2 3 . ® 1 the 1088 ° f Nz ° and re P° rt a 1088 corresponding to about 40% of the recommended 

sTSi 2 FCF3 reaCt, ° n 18 mUCh fSSt€r ° ne W ° Uld PrCdiCt by analDgy to Similar impounds, 

A24. OCjD) + CH2C1CF2C1. (HCFC-132b) The recommendation is based upon the relative rate measurement 
of Green and Wayne (1976/77a) who measured the loss of CH 2 C1CF 2 C1 relative to the loss of N 2 0 The 

queTcWng " 2 * ^ ^ ^ “ aS8Umed that there is ™> physical 

A25 trt Q99 n wh C1 CF3 rt 1 t 3a) 7 16 recommendation is upon the measurement of Warren et 

"j repo jt 20±5% Physical quenching. This agrees with Green and Wayne (1976/77a) who 
measured the loss of CH 2 C1CF 3 relative to the loss of N 2 G, when the recommendationTr N 2 0 Is used 

A26 noin + ^ H2FCF3 .’ i HFC - 134a) The commendation is based on the measurement of Warren et al 
( 991) who report 94 + 6/-10% physical quenching. The predominance of physical quenching is 
surprising, considering the presence of C-H bonds which are usually reactive to 0(^D) 

A27 Tni:u H f FC] l l” CFC ‘i 41b) The commendation is based upon the measurement of Warren et 
al. (1991) who report 31^5% physical quenching. 


A28. 


A29. 


^ Moa^ H l CF2C1 ' The commendation is based upon the measurement of Warren et 

flOTfiSJ 1 ! W h° reP ° rt phy8,Cal quenching. This agrees very well with Green and Wayne 

NXuti ^ 3CF2C1 rClatiVe *° thC ,OM ^ N2 °’ When the commendation^ 

0( lD) + CH3CF3. (HFC-143a) The recommendation is based upon the relative rate measurement of 
Green and Wayne (1976/77a) who measured the loss of CH3CF3 relative to the loss of N 2 0 The 

ouenTn Si" I" £ 2 18 ^ 40 ° btain ^ VaIUe giVen ‘ 11 i8 turned that there is no physical 

quenching ^ ** rep<>rted phyS1Cal quenching by CH 2 FCF 3 and CH 3 CHF 2 suggests possible 
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A32. 


A33. 


A34. 


A30. 0( 1 D) + CH3CHF2. (HFC-152a) The recommendation is based on the measurements of Warren et al. 
(1991) who report 54±7% physical quenching. 

A31 O(^D) + CoFk. (CFC-116) The recommendation is based on a measurement by Ravishankara et al. 

(1992) who report 85tl5% physical quenching. The small rote coefficient for this reaction makes it 
.Sate Ktoferenc. from reactant impurities. For this reason the recommendation should 

probably be considered an upper limit. 

O(lD) + SF 6 . The recommendation is based upon measurements by Ravishankara et al. < 1992 > 
report 32±10% physical quenching. The small rate coefficient for this reaction makes ^ vulnwable to 
interference from^ reactant impurities. For this reason the recommendation should probably be 
considered an upper limit. 

0( 1 D) + CF3CI. (CFC-13) New Entry. The recommendation is based on the measurement by 
Ravishankara et al. (1992) who report 31±10% physical quenching. 

0( 1 D) + CF2CICFCI2. (CFC-113) New Entry. The recommendation is an estimate based on analogy to 
similar compounds. 

A35. 0( 1 D) + CF3CCI3. (CFC-113a) New Entry. The recommendation is an estimate based on analogy to 

similar compounds. 

A36. 0( 1 D) + CF2CICF2CI. (CFC-114) New Entry. The recommendation is based on the measurement by 
Ravishankara et al. (1992) who report 25±9% physical quenching. 

A37. 0( X D) + CF 3 CFC1 2 . (CFC-114a) New Entry. The recommendation is an estimate based on analogy to 

similar compounds. 

A38. CK^D) + CF3CF2CI. (CFC-115) New Entry. The recommendation is based on the measurement by 

Ravishankara et al. (1992) who report 70±7% physical quenching. 

0 (!d) + c-C 4 F 8 . New Entry. The recommendation for perfluorocyclobutane is based upon the 
measurement by Ravishankara et al. (1992) who report 100 + 0/-15% physical quenching. The sma l 
rate coefficient for this reaction makes it vulnerable to interference from reactant impurities. For this 
reason the recommendation should probably be considered an upper limit. 

0(lD) + 0 2 . The deactivation of O^D) by 0 2 leads to the production of Otf 1 !) with an efficiency of 
80±20%: Noxon (1970), Biedenkapp and Bair (1970), Snelling (1974), and Lee and Slanger ' (1973). The 
0 2 (ll) is produced in the v=0, 1, and 2 vibrational levels in the amounts 60%, 40%, and <3%, Gauthier 
and Snelling (1974) and Lee and Slanger (1978). 


A39. 


A40. 


The recommendation is based on the upper limit reported by Clark and 


A41. 0 2 ( 1 A) + O. New Entry. 

Wayne (1969b). 

A42 0 2 ( 1 A) + 0 2 . New Entry. The recommendation is the average of eight room temperature 

' measurements: Steer et al. (1969), Findlay and Snelling (1971b), Boirell et al 197 7), Leiss et al. ^ (1978), 
Tachibana and Phelps (1981), Billington and Borrell (1986), Raja et al. (1986), and Wildt , 

The temperature dependence is derived from the data of Findlay and Snelling and Bi ln ^ 
BonreR™ Several other less direct measurements of the rate coefficient agree with the 
including Clark and Wayne (1969a), Findlay et al. (1969), and McLaren et al. (1981). Wildt al. 
(1989) report observations of weak emissions in the near IR due to collision induced radiation. 

A43. 0 2 ( 1 A) + 0 3 . New Entry. The recommendation is the average of the r^m temperature measuremente 

of Clark et al. (1970), Findlay and Snelling (1971a), Becker et al , (1972) ^ n S 

Several less direct measurements agree well with the recommendation, (McNeal and ^ Cook (1967) 
Wayne and Pitts (1969), and Arnold and Comes (1980)). The temperature dependence is from Findlay 
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and Snelling and Becker et al. who agree very well, although both covered a relatively small 
temperature range. An earlier study by Clark et al. covered a much larger range, and found a much 
sma er mperature coefficient. The reason for this discrepancy is not clear. The yield of O + 20o 

fhTS h*”* °" many 8tUdi68 ° f the quantum of °3 destruction near 

nh r JL 1? v y Zu eXample> mea8urern ents of the number of O3 molecules destroyed per 

photon absorbed: Von Ellenneder et al. (1971), Lissi and Heicklen (1972/73), and references cited 

X n ,L d =r;cr.?^:; and 0,tom 

A44. 0 2 (lA) + ■ H*). New Entry. The recommendation is the average of the measurements reported by 

Becker et al. (1971) and Findlay and Snelling (1971b). An earlier study by Clark and Wayne (1969a) 
reported a value about three times larger. "ayne u»aa) 

M5 u 2 ll A) + N ' NewEntry - The recommendation is an upper limit based upon the measurement reported 
by Westenberg et al. (1970b) who used ESR to detect O^ 3 ! and aU), 0( 3 P) and N(4 S ) with a discharge 
flow reactor. They used an excess ofO^A) and measured the decay of N and the appearance of O at 195 
and 300 K. They observed that the reaction of N with O^A) is somewhat slower than its reaction of 
, The recommended rate con8tant value for latter provides the basis for the recommendation. 
Clark and Wayne (1969b, 1970) and Schmidt and Schiff(1973) reported observations of an 0 2 ( 1 A) 
reaction with N that is about 30 times faster than the recommended limit. Schmidt and Schiff attribute 

A) in excess N 10 a rapid energy exchange *» *«*^ d 

A46 nolo? + i, NeW The rec °mmendation is based upon the measurements by Findlay et al 

8tu * es ° bteined h,gher values for a " — ™ Cla * a " d 

A47 ' anl ; C02 ;,o^ En rr The reCOmmendat,0n i8 the measurements reported by Findlay 

MQ711 M r g (1971b)and Ul88 et *1- (1978). Upper limit rate coefficients reported by Becker et af 
(1971), McLauren et al. (1981), and Singh et al. (1985) are consistent with the recommendation. 

A48 ' b£F(1979). NeW Entry ' THe reC ° mmendation is *— ■* « the measurement reported by Slanger and 

A49 ’ mt? I N 7 w?*,,,™* reCOmmendation is the avera & e of values reported by Martin et al. 
(1976), Lawton et al. (1977), and Lawton and Phelps (1978) who are in excellent agreement 

r^aZ’T 8 y Th ? maS , an , d ThrU8h (1975) ’ Chatha et al (1979), and Knickelbein et al. (1987) Tre in 

r *Zu! e T eeme thC reCommendati on- Knickelbein et al. report an approximate unit yield 

of t>2( A) product. J 

A50 ' GUni^e^af' ^ ™°™ mandation 18 ba8ed U P«" the room temperature measurements of 

G.lpin et al. (1971) Slanger and Black (1979), Choo and Leu (1985b), and Shi and Barker (1990) 

Tu^^^aM 1991b)’ 7 (1974) ’ 8nd Wiesenfe,d (198 °). °gren et al. (1982), and 

. d 4 , (1991b) a [ e ln ver y agreement with the recommendation. The temperature 

Strsiatr aZ u re8U ' t8 ° f Ch0 ° and LeU ' ^ y,eld ° f 0 + 2 °2 products is reporid to be 
/0±z0% by Slanger and Black and Amimoto and Wiesenfeld. 

A51 ' ° 2(1 J ) A H2 0 ° ^ eW Entty - The recommendation is the average of room temperature measurements 
^ Stuh ‘ and N >»o (1970), Filseth et al. (1970), Wildt et al. (1988), and Shi and Barker (1990) 

a d^ r ° f tW °‘ Maasurement8 reported by O'Brien and Myers 1970 ,' 
Derwent and Thrush (1971), and Thomas and Thrush (1975) are in good agreement with the 

recommendation. Wildt et al. (1988) report that the yield of Otf tA) > 90%. 

^ (1979? + N NCW Entiy ’ The recomTnendation is based on the limit reported by Slanger and Black 
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A53. Otf'l) * N2- New Entry. ^ 

Wayne (1968), Stuhl and Welge '<““>•** h * ,„ d shi an d Barkar (1990). La., direct 

Stahl (1980) Choc and Leu „„ d OBrien (1970), aad Ch.th. at a). (1979) are 
^riT^Z'^l^tioh' Kohae-Hoinghaus and Stahl ob«rv.d n» .igaihcant rea.pare.are 
dependence over the range 203-349 K. 

AM. OX'1) aC(g. New Entry. (T^C^M Ua 

al. (1970), Davidson et al. (1972/73) Aviles etaj temperature. The temperature 

- — — - 

Jinc. that Otf'A) i. a prodact. Wildt at al. report that the yield of 02( A) - 90%. 

Bl. H + 03- The — dahaal. an 

are in excellent agreement over t e ranee 300-560 K but lies about 60% below the 

is in very good agreement on the T dependence in the and Monkhouse values, we 

recommended values. Although we have no r ® especially since they were carried out over the T 

prefer the two studies that are in excellent agn*ment espec ahy sin, * y ^ , the present 

range of interest. Recent resu Its by t *"'*^«* and Kleindienst, 1979: 
recommendations. Reports of a channel form ng HO 2 + « . her studies (Ho ward and 

y£* 

r s ' z ifjz wSa tzsis^SK ^ « «*»*> - - — ° f - giet 

molecular oxygen in the reaction H + O 3 . 

B, — 

difficult to obtain a direct measurement of the r toward the HOo reactant. The recommendation 

and required the fe.ert correchons. The ether measurement. <« “ jn ™J nab , e agreeme „, 

SS.’SSS “rSe'ofthe'rtudie. repU the preduct channel^., 

and (c) H 2 * 0 2 . Hack et al. (1978) k a /k - 0.69, kl/k < «■ “in kb/k - 

kadi . 0.87±0.04, k b /k - WW W - " J £lZ ^^ ^1^.1. 

0 09+0 02 and Wk = 0.08±0.04. Hislop and Wayne (197 /), Keyser et hi. vi h 

(.POT rlldl the yield of 0 2 «,>» forreed iu channel <0 (2.8*13) x 10-‘. <8 x 10* and < 2.1 x 

10-2 respectively of the total reaction.. Keyset found the rate coefficient and product yie . 
independent of temperature for 245 < T < 300 K. 

_ a a r , ri X OH is a fit to three temperature dependence studies: Westenberg et 

B3 - ai*(?97o.?L“. zrx^aim, .heir , 1 

LrirrrfZVeTauSrThe ratio WO . H02Kk(0 . OH) measured by Key.er (1983) 

agrees with the rate constants recommended here. 

„ , . • „ f „ r tVl „ o + HOo reaction rate constant is the average of five studies at 

B4 O + HOo. The recommendation for the O + MU2 , , 1Q qou R r „ne et al. 1983 

room temperature i(Keyser 1982 Jv’en by Keyser (1982) and 
and Nicovich and Wine, 1987) flt ^ d ^ * (1979a) and Burrows et al. (1977, 1979) are not 

Nicovich «< I Wine the value ured for it. 

r a rt:ri:re,rr.r^ 

rr.itrtLiiire7^ “ (i983b » •* 298 k ,how no 
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B5. 


B9. 


dependence on pressure between 10 and 500 torr No The ratio WO * ous 

0983, 2 °lh™ "* TfT * ,udi “ ° f th * 0 * H 2°2 Davi, a, .1. (, 97fc) .„ d Wi „. «, 

(1983). The recommended value is a fit to the combined data. Wine et al surest tW «! , 

measurement, may be too high because of secondary chemistry. The ATactor forSthdat! f T 
low compared to similar atom-molecule a • a- A lactor tor both data sets is quite 

(1982) i, consistent with the recomiLLion. measurement of the E/R by Roscoe 

“■ ?"* H02 : A b a Key “ r (1988) " mm to re “ lv * ■ Ji»repancy between low pressure diach.™ 

flow experiments which all gave rate coefficients near 7 y in-ll 3 , , i i ^ 

Thrush and Wilkinson (1981a), Sridharan et al. (1981 \984)\ e ™r U *8 W 1 Ke ^ s ® r (1981) > 

^l n 98lt'S 4 ana a d n e1 T^SoTdZZ SXj 

mode" ana^y si s ^of ^th e^" es t s*" by" JteyseZi. 198 de^ orf* ^^^h V**"*®"* a " d a^hemSd 
measurements were probably subject tofnterfr~n«f ,?* ‘ the preV10U8 Charge Bow 

excess H0 2 these atoms generate OH and result in a rate IZfT am ° Unts of 0 and H ‘ In the presence of 
true value. The temperature dependence is from Keyser (1988)^^3^^^ 382 K^A 

k ■ ! 8 V 3M > v° u in " th «» 

computer mod., of the A n °’ " nd H *" d ““ d * 

W r or0986, employ, i„, op, .abollcd 

jSt irs“ “ - - 

ZToirr^r .loH r: de “ rib : d by Key “ r a9s8, *- 10 “ h * ^ if 

significant scrambling in isotope rtu”es”r"fh'. OT H 0 ? r,l °, et ‘‘ .'“S f ° U " d n ° <Vid '"“ * 
the reaction temperature dependence would iTu^ul 2 " 0 "' *" “" f “' <* 

OH + O3. The recommendation for the OH + Oq rate consent ;= a ^ 
measurements of Kurylo (1973) and 7nhni«>.. a u , 1S based on ^e room temperature 
studies of Anderson and Kaufman (1973) rZ >, * 98 .°^ and the temperature dependence 

Kurylo's value was adjusted " 8%)^ to ^ Smith et aI * (1984 >' 

(Hampson and Garvin, 1977). The Anderson and KaufmZ ^ hC Z™ 6 concentratlon measurement 
10-14 cm3 molecule-1 s'l at 295 K as suggested by Chang anVLufman (1978^ n0rmahZed to k * 6 2 x 

K. H We^n^'g rnid^^HaM t Q973a) h Md^nzie^t r a" C (1973^ Cl * Wn f* tix mea8 ^ements near 298 
Rosenberg (1974). P.rguh.rson and TSSSS^^^Z "f T 

for these studies all fall between (1 4 and 2 3) x 10-l 2 cm3 1 1 -1 1 me The rate constants 

is from Wagner and Zellner, who reported rate constants for the'rlnge T = So-^80 K^"" 6 depCndenCe 

Sridharan etal. (1980), Wine et aM lgs^c^ Ku^lo ^tTTig^b/l^v"). 6 ' StUdiCS W (198 ° b) ’ 

reasons for the discrepancies with earl^r work and eTenCeS cont “ n a discussion of some possible 
other kinetic studies AH of these meZrem t aSSeS8ment of the lm P a ^ of the new value on 
Measurements by Lamb et al (1983) arn-ee at 60 S a f ree <,ulte we ^ and overlap one another. 

temperature dependence w£, "fc £ fe as n J ^s^ht v Zh ^^7 ^ ^ 

incorporated in the fit. A meJZ’tZ! w.th decreasing temperature. Their data were not 
well with the recommendation temperature by Mannelli and Johnston (1982a) agrees 


B7. 


B8. 
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BIO. 


Bll. 


OH * H 2 The OH + H2 reaction has been the subject is Sited to the 

H0 2 * HO 2 - Two separate ^ » h «* n “ hav ' 

Both components have negative tempera ure (1982a b) Kircher and Sander (1984), Takacs and 

data of Cox and Burrows (1979), Thrush and ^ a '(l982a b ( tu ghtein et al . (1984 ) are 

Howard (1984, 1986), Sander (1984) and l Kurylo change in k with pressure up to 1 

consistent with the low pressure re ^°™ (1979) areinconsistent with the recommendation. The 

atm. Earlier results of Thrush and Wllkl f Sander et a l. (1982), Simonaitis and Heicklen (1982), 

termolecular expression is oh tamed fro ® ° f ^ d ^ rcher and Sander (1984) for the temperature 

and Kurylo et al. (1986) at room temperature an m there is general agreement 

dependence. This equation applies to M - air. ^ ^ Wgh pressure ( P _1 atm): (a) the H0 2 

among investigators on the following aspects ^ ^ Burrows (1979), Hochanadel et al. 

UV absorption cross section: Paukert » n Crowley et al. (1991); (b) the rate constant at 300K. 

(1980), Sander etal. (1982), Kurylo et a . (1987a) ^owle^et a^t ^ et al (1979 , 

Paukert and Johnston (1972) Hamilton ' g^ simonait.s and Heicklen (1982), Kurylo et al. 

Tsuchiya and Nakamura (19 9), Sander et ^ fa]1 in the range (2.5 to 4.7) x 10 ^ 

(1986), Andersson etal. (1988), and Cro y t ire deDen dence- Cox and Burrows (1979), Ln et al. 

cm 3 molecule’ 1 s’ 1 ); (c) the rate constant t ®" lperat water vapor dependence: Hamilton (1975), 

(1979), and Kircher and Sander (1984); ( ) « rate BurroW8 (1979), DeMore (1979), Ln et al. 

Hochanadel et al. (1972), Hamilton and Ln (l977) ’ } h ^ isotope effect: Hamilton and Ln 

(1981), Sander et al. (1982), and Andersson et al. (1988) ( ) ^ major produc ts at 300 K: Su et al. 

(1977) and Sander et al. (1982); and (0 t e orma ion ^ and Heicklen (1982). Sahetchian et al. 

(1979b), Niki et al. (1980a), Sander et a . ’ mount 0 f Ho (-10%) at temperatures near 500 K 

1982, 1987) give evidence for the formation of a «ndT«n«™t of H 2 ( much le88 . Glinski and 

but Baldwin et al. (1984) and Ingold (1988 50 torr and 298 K, but their 

Birks (1985) report an upper limit of 1% limit to H 2 production (0.01%) was 

experiment may have interference from wa systems containing water vapor, 

later determined in the same (1984) can be used: 1*1-4* 

study by Hippier et al. (1990) confirms the strong curvature. 

H0 2 + 0 3 . There are four studies of this react^ w et L 

because this study did not employ an OH radical ^ f ho w some curvature in the Arrhenius plot 

recommendation. All of the temperature depende ‘ recommen dation incorporates only data at 

with the E/R decreasing at lower 3QQ R ^ is uncert ain at T < 230 K, where there are 

temperatures less than 300 K and is no i r «tion 1991) observe curvature in the Arrhenius plot 

„o <Uto. Zahniser and N.lson thiS reaCti<>n ' Indi, “‘ *“"“7 

at low temperatures High quality low «'"P" a “ ee < | simonoltl , and Haicklan, 1973; DaMor. and 

^Uol^,\974?aTDXa. 1979, gjV, ra.uUa «ha. f.U ba.aw »ha ™co m a,anda.,o„. whan 
current data are used for the reference rate coefficient. 

N + 0 2 . The recommended expression is denved from af. tl970b), Clark and Wayne 

and Volpi (1957), Wilson (1967), Becker et a . < 19 >’ k (29g g R) is der ived from the Arrhemus 

* h * - — ' 

determinations. 


B12. 


Cl. 


41 



10-16 3 Z recom "' endotlon 13 base<1 on the results of Barnett et a], (1987). The value of (1 0±0 2) x 

than te ta^CSd^Br ET * * 3 

Zt SS- *■“ - - s, X^-WJSS 3 

” £*".*“>» «“<“«■ rf Oyne and 

spectroscopy and Lae etal. (1978c) who observe no temner t g 298-670 K using discharge flow - mass 
the discharge flow . resonance fluorescence and flaTh nhllT d ? pendcn “ b * tw “n 200 and <00 K using 
Tlie recommendaflon for the temperature dependence is Led o”LeTi“^SiXSSr' SiT 
of the resonance fluorescence method for N(<81 reduce, tko ™ u r. 1 06031186 th « better sensitivity 
reactions, and because of the relatively large experimental tt** ■ l ( y u ° , lnterference fron > secondary 
There is clearly a need for additional temperature de j ° ®T t ^!l data of C1 y ne and McDermid. 

from these studies and the data of Sugawara et al (198of Che^ An "T temperature value >« 
Slater (1980). B aJ ' (1980) ' Cheah and Clyne (1980) and Husain and 

C4. N + N0 2 . The Panel accepts the results of Clyne and Ono riQR9’ifk,rt. i 

K. This is a factor of 2 higher than that rennrted k ri , Va ue of the rate constant at 298 

Ono consider that the more recent study is Jrobabl^morerehablf ' ' h 6 ’™' 1 W ?§* However > C^ne and 
room temperature rate constant of 3.8 x 10'H cm 3 molecule’* s'* k h S ^ (1980) reported a 

value reported by Clyne and Ono. This high value ma! ,ndic^ tk ^ ^ °l 12 greater than the 

discussed by Clyne and McDermid, and Clyne and Ono Therp * PTe ^. nC * of cata lytic cycles, as 

8,pc„d.„« of ,h. cote con.tant. Tlm ***!££?£ *££. Z^ToZ^IZ^'T 
A recent study bv Iwata pt nl ^ i*-»lyne and McDermid). 

y y ta et a 1. (1986) suggested an upper limit of 3 3 y 1 0*13 „ m 3 i i i 

corresponding reaction involving N<*P) and N( 2 p) ^ (s ^ " ** 

(1974X Ongstad and Birks (1986) LTcIlrs^ner and SraW (1987)*"™ ** Bemand et aL 

from Davis et al., Ongstad and B.rks, and Ceers-Mulle7and S u ] w>th aTT^ ‘‘T f<>r E/R 18 

recommended k(298 K) value. and fat hl Wlth the A-factor adjusted to give the 

C6 ' temjwrature range, "th^d^te^indk^te^uTte 811 ^ ^ 298 K and 329 K mile ,imite d in 

reaction of O with N0 2 , it is assumed that WsTate constant ' i^ind ^dTf”’ b * anal °gy w ‘th the 
temperature dependence studies are needed. independent of temperature. Clearly, 

C 7 . O+N 2 O 5 . Based on Kaiser and Japar (1978). 

O + HNO 3 . The upper limit reported by Chapman and Wayne (1974) is accepted. 
uncrJty b 

C1 °- tiSZZ zt d :^zzr u ,r ved fr “ m ,h * — 

Fontijn (1991). The temL^u « de^n " i ““m ** ^ «" d K ° 3dd 

he date from Wategaookor and Seiner (1989) and Agrawalla et ah (WyirwemLt'c^^red.'' 0 "'""' 

•U1976), Lipp,3r™h09MhRo7an7\\“l“o" !»VlbT\h h"T f " !° rep ° l '“ <i by Birkl * 

(1982) at and below room lemAr.tu“^ wS X dlta L S “ ‘ 1981> “ d Bord * r ' “ d Bifk. 

Lippmann et al. and Borders and Birks being grouped til hT? temperatures reported in 
equally. This expression fits all the data within the tom ^ ^ S ° that theSe five studies are weighted 

stuches to within 20%. Only the data beUveln W5 19 ^ Kre P^ d ™ theJ five 
Arrhenius expression, due to the observed non linear Arrk • u u USCd ^ denve the recommended 
and Thrush (1967), Birks et ah, Michael et al and Bofdlra H ^ eha ^ 0I ' C1 y ne al. (1964), Clough 
al., Schura.h a, .1, (1981), and Mlchaa, a, have roporL tditLTlTrr^fo^.^fm 
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C12. 


C14. 


C15. 


.. , nnpl . The range of values for k at stratospheric temperatures is 

each of the two primary reaction ^aanels The r g reaction to 8tudy . The measurements of 

somewhat larger than would be expected f" “uch £ in excellent agreement with the 

Stedman and Niki (1973a) and Bemand et al. (1974) 
recommended value of k at 298 K. 

rm for HO9 +NO is based on the average of 

HO2 +NO. Changed from JPL 90-1. The recomm Howard and Evenson (1977), Leu 

seven measurements of the rate constant near et al . (198 0), Thrush and Wilkinson 

(1979b), Howard (1979), Cla^hick-Schimp ' a ’ g in uite goo d agreement. An earlier study, 

(1981a) and Jemi-Alade and Thrush (19 )• flf an error j n the reference rate constant, k (OH + 

Burrows et al. (1979) has been d ' sr ® ga ^. R h tein et al. (1984) has also been disregarded due to an 
H2O2). The room temperature study temperature dependence is from the data of 

“ rried ° ut ■* ,ow 

pressures, a direct study at higher pressures is needed. 

, . , TP t Q 0 t The recommendation is based on the studies of Hammer et al. 

C,3 ‘ Zs6> and Tyndall at al. (I»U) which ... in aacalUn. ■ 

OH + NO3. The recommendation is ^derived ; ^ + N .°2- 

and the 298 K results of Mellouki et al. (1988a). 1 ne react. H 

OH a HONO. New Entry. The recommended rat, ^axpja.ian , I. , danyed “t 

XS' 8 — " C8ative 

temperature dependence. 

C16. OH ♦ HNO3. The intensive study of thisj^tion over ' "* low, temperature 

(mostly flash photolysis) with a k(298) ' a PP~» £ ^ lo ° et ah, 1982a; Margitan and Watson 1982; 
below room temperature (Wine et al 198. Y . Jourdain et a i. ( 1982; C. A. Smith et al., 
Marinelli and Johnston, 198 a ’ av ' s an , 19 gg). and ( c ) recent discharge low studies yielding t e 

1984; Jolly et al., 1985 (298 K); ^™^e T dependence (Devolder et al., 1984; Connell 

lower value for k(298 K) but showing substantial g P negative T dependence below room 

and Howard, 1985). Major eatures of the da to . are (1) possib ly leveling off 

temperature, (2) a much weaker temperature > d «P depen dence which becomes greater at low 

around 500 K, and (3) small, mensural ble pn 5 ^ . Margitan an d Watson (1982) over the 

temperature. The pressure dependence has d at pressures of 10, 60 and 730 torr at 298 K. 

ranges 20-100 torr and 225-298 limit" agrees well with the average 

The two studies are in excellent g f , oressure discharge flow studies. The 

k(298 K) = 1.0 x 10- 13 cm 3 molec’ s' pho tolysis studies (20-50 torr) also agrees well, 

value measured for pressures YP lca that the high pressure limit is approximately 50% greater 

The two pressure dependence studies in , . f 2 greater at 240 K. Thus, over the narrow 

than the low pressure limit at 298 K, and ^ “ ^^^^pendence can be represented by 
pressure ranges explored in most flash p Y L in demann-Hinshelwood expression for the 

combining a low pressure (bimolecular) limit, k 0 , with a inn 

P dependence: 


k(M,T) = k 0 + 


1 + 


k 3 [M] 
k 3 [M] 

^2 


widi 


{ 


k n = 7.2xl0' 15 exp(785/T) 
kl=4.1xl0- 16 exp(1440/T) 
k 3 = 1.9x1 O' 33 exp(725/T) 


The ccrnmcicnu .3 »n d k2 » U- 

Zi-:s:r:. jl » - .om Pare , - - 
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Cl 7. 


Jourfa^ ( et > al!' flow^udjT is relative 'L, not _ unusual ( ~ 30% >- Conversely, the 

M » 300 W “ «8"in™>ly weaker than the otheJetudTes S Mm 

pressure effect between 50 and 760 torr even at 240 K i« in ah ' , , tb et a] - to observe a 

et al. over the same range in a much more detailed study Jolly eTa]^ th ® effectseen ^ Stachnik 
dependence between 1 torr (M = HN0 3 ) and 600 torr (M = SFfiJ at298 K m!T C ° U ^ pressure 

al. and Ravishankara et al. have all shown that with' 6 ■ , Nelson et al. (1981), Jourdain et 

removed, is unit, at 293 K. wtth similar resuHsat'250 K ^ N ° 3 ° H 

the data of Trevor** 8^7198^), ^rnTs eTa^C lg^ 1) ^nqgT expression is based upon 

Trevor et al. studied this reaction over the temperature range 246^24 | ^7 et f aL (1986b >' 
invariant value of 4.0 x 10 -12 rm 3 1 -1 -1 it , K an ° re P orte d a temperature 

yields an Arrhenius expression with an E/R value of ^9^193) iT^o flt ? tHeir **** 

reaction over the temperature range 240 300 K nn8 nh , ' ! n contrast > Smith et al. studied the 

™ «.lu. or«50±30) K. The ear,; B=™“ fa? s,°dv i Sj ' »"P«ratare dependence with an 

and 1 torr total pressure while their most recent studv wl. ' 1 arTle 1 d out only at room temperature 

and temperature range 263-295 K with no rat. constant ZtZl Z^oZ'Z 

Littlejohn and Johnston (1980) is in fair a J™ ! PreC1Se Va ’ Ue f ° r k at 298 K reported by 

sr stadi “ - k - 

C18 ' K da, 05 

C19 a974bTLSrrd"Z,t d n U9TO Hu" “‘Ta" "’“I * C * to lh * d «° D»*» « 1- 

Verhees and Adema (1985) and Stedman and n Niki e n973 ( af 74) ^ f° X C ° ker (1983) ' 1116 data of 
discrepancies with the other studies. Were n<>t considered because of systematic 


C20. 

C21. 


0 3 + HN0 2 . Based on Kaiser and Japar (1977) and Streit et al. (1979). 

h^not^en firml^ellblL^ H^v^^tud^of Nool t*™*' N ° + N ° 2 + ° 2 

2;:2 :Z:;Z!T T ,wo “ ud, “ ,h " ~ z 

exp (-1260/T) cm J molecule‘1 s'l with an overall uncertainty factor of 2. 

N2O5 + H2O. The recommended valup nt 9QW w i a u* j * 

Atkinson et al. (1986) and Hjorth et al. (1987). Sverdrup °1 (1983a) ’ 

factor of four smaller than that obtained in the other stnJiec h ' ' ^ Sn Upper hmit that is a 

because of the difficulty of distinguishing between homntr ’ U 6 ** Upper llmit is recommended 

cxppnmsu.. See Table 57 for «- 

et al. (1976 )!cTx A (IWI^ShSSS? at £ timef S™ "T U, " f, ‘ mluTe reault. of Han«n 
et al. et “■ (1986) ' The temperature dependence is from Harrison 


C22. 
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CM. NH ♦ N0 2 . New Entry. The recommendation i. derived from the temperature dependence .tudy of 
Harrison et al. (1986). 

. xm m. J ipi Q 0 1 The recommended value at 298 K is the average of the values 

C25. OH + NH3. Changed from JPL 90-1. . „i MQ7GK1 Silver and Kolb (1980), Stephens 

reported by Stuhl (1973b), Smith and Zellner ( ), erry e . ’ d q ox a ] (1975) were not 

(1984) and Diau et al. (1990). The values reported by Pagsberg e t aU197 et a. ^ ^ 

considered because these studies involved the ana y sis ^ The regult8 of Kurylo (1973) and 

well outside the error limits implied by the above six t ^ d ' ■ ^ the other direct studies 

Sri $ r- u t — ss "arse's: 

rd^s “>““ d “ r,t *• 

recommended room temperature value. 

C26. NH 2 . H0 2 . Thera is a fair,, pood agrnamnn. on 

Kurasawa and Lesclaux (1980b), and the relative three studies. The 

r rx suggest that the mo8t probable 

reaction channels give either NH 3 + 0 2 or HNO + H 2 0 as products. 

C27. NH 2 + NO. The recommended value for k at 298 K is the avemge et 

2®’ ' ^ Kdb (1982), and Whyte and Phillips (1983). The values 

l7nZiX^s ££j. f0 ^e a re 2 sults ITJtoZ^ into ThtSash photolysis results 

average 0.9 x 10 cm molecule • Th J? and disch P arge now studies overlapped, and none of 
:K“ditXr.7.Ti“- dependence J X. Thera have haen four * 

depandenca ofk. Each .tudy reported X dear.- wi* J ^3^^ 2,6480 K.andT^ 
ZXXfiSZ »d r Ko,h SmlS-lxST,. The recommended temperature dependence i. «Xen Jo 
h. a weighted average of the data balmy 500 p^it”. chan'na.s for thi. 

<22%, 13+2% and <15%, respectively. In addition, Andresen et al. set a lower um 
channel N2 + H20- 

non NHo a NO, Thera have bean four studies of this reaction (Hack et ah, 1979b: Kurasawa and Usclaux^ 
1979: Wh>£ and Phillips. 1983: and Xiang et 1985). Thera is very P“ r *™"| ^ 

studies both for X at 298 K (factor of 2.3, mid for the temperature depen dence ^ and 
racommandad valu.s of X at 291 IK and channel 095%) 

^^"■^.sf^e-NH — 

factor °of two discrepancy between flow and flash techniques, although the database » much smaller. 

en, J r IDT on i TVii<5 reaction has several product channels which are 

C29. NH 2 + 0 2 . Changed from J - ■ exception of the studies of Hack 

and Demrsv, 977) 8 10 ^ 19Mb) and 7.7 X 10r« (Mictaal et al.. 1985b) and 6 

cannot be ruled out, but is apparently not important m the atmosphere. 
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C3 °' NH 3 2 \°t “ POOr °< !r,e ” en ‘ «““« ‘* a "«■* «-*<>. of Cheski, et al. (1985), k(298) . 1.5 « 1 0 U 

<™ . , Patrick and Golden (1984b), k(298) . 3.25 x 10' 13 cm 3 ,-l Hack eta) (19811 1 84. in-13 3 

V 0 ' 13 ‘ m3 ?- 

*r p s^ 

Hack et al. (710 K) ’ ^ 13 a " aVerage of Patrick and Golden (1151 K) with 

D1 Z derived “ ‘"TT “ "‘ h Pr “ SU ™' Th * “™ «*» 

and the values reported by Dreier and WollVum^S ln Baulch « *>• <1980) 

Thompson (1983), Paraskevopoulos and Irwin (1984i u f ’ Hasain et ; (1981 )> Ravishankara and 
private communication and Stuhl (1984). Frits and Zelln.r, 

An increase in k with pressure has Zdl. <1984) *f •“ Wgh and were not included. 

Paraskevopoulos (1977a) Perry etal (1977) re,,) 1" a aI ^ e a um l , ar of investigators [Overend and 

Butler e. .1 (1978), P.r.skev^lt and S^Xb l984? , '^ m “„1^ < ^ 8) ’ C “ “ * l 1 < 197 ™. 
(1984), Fritz and Zellner (1987) Hynes et al (1986a) or n a o ol a, (1984), Hofzumahaus and Stuhl 

(1987). and Wahner and Zetzsch, “ d ” 0, ' na ’ £»*• »mmunic.tion 

measured k relative to OH + in r, + i r )J* n addition, Niki et al. (1984) have 

The recommended 298 S 

all pressure dependent data in N 2 [Paraskevopoulos and7rw!^(l^ ° f 

and Stuhl (1984) and Hvnes et nl nQArtoVt ,, 1 4;, UeMore (1984), Hofzumahaus 

(1985), Hynes et'al. (,98*6,), ^,‘7 “'" er <1987) ' Niki « 

(A+BPV(C+DP, where P is pressure atmo“ he^T^.Tet, “h D 0 “d^T k ' 

Hofzumahaus and Stuhl (1984)1. u“e?ulM of BuUeretani^hav^rU'” 1 ' 0 !* K °f Mor< ’ (1984) ’ 

refinements in the rate coefficient for the OH + Hofio r f ^ t0 ** re ' evaluated ln the light of 
approximate agreement with ^“™ Ctad . T '* “ 

ftat th. presence of 0 2 ha, any effect on th. rate coeihcieu. other In ^a 

the pressure ranse 50-7G0 tyirr Vmo Kxrrx„ „u , » **“*»«» “ tiara Doay. the fc/K value in 

al. (1986a), and Stachnik and MoHna (nrivaL l eSSentlally ze ™ between 220 and 298 K by Hynes et 
temperature independence of k at 1 atm mav } . . ^ 0 J 11 1 ,iu r ” C ‘ 1 ,oa ®> 1 8 ^)- Further substantiation of the 
In the presence of Oo the HOCO int^' 7 ^thwhde. The uncertainty factor is for 1 atm. of air. 
, 1QQ -, . 2 ’ HUCU intermediate is converted to HOo + COo (DeMore iqfixii Rann * i 

data to the lower atmospheric temper JtuZ j. Extrapolatlo ^f the higher temperature 
temperatures, the rate coefficient is small and henre it aUS6 err0rS ‘ Furt bermore, at lower 
presence of impurities anT occurrence o/ t"?’,, measurements a re easily influenced by the 
Ravishankara (1991) have investigated this ren ti ° aPy reaetlons - Recently, Vaghjiani and 
fluorescence apparatus. They found k(298 K) to he° D & PU ® ed laser P hotol ysis-laser induced 

They attribute the p^vious^^d h? K h« values~t i" tHan the PreVi ° US re “nimendation. 

and partly to the presence ofTmZtTes Thev b ve t ° f SeC ° ndary ° f ° H with CH 3 radicals 

lower atmospheric temperatures and obtain a^lightly yJherE^tT^T^ tHC ^° efficient at the 
value. The current recommendation i« hucoi^ V ^ , than the P revlou sly recommended 

Ravishankara agree with most previous data obtained'l^TMOO K^h rCS 7 tS ° f Va g h J iani a "d 
significantly larger and hence not infiuenced by the above mentioned problems C ° eff ' Clent is 
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D3. 


D4. 


D5. 


D6. 


D7. 


OH + 13 C H4 (k 13 ) This reaction has been studied relative to the OH ♦ CH 4 <kl2> reaction, since the 

ass ^ -r“9iSri- - c “‘” u rt *’ 

Cantrell et al. find k 12 ^ 13 to be independent of temperature between 273 and K. 

OH * CoH* There are seventeen studies of this reaction at 298 K, [Greiner (1970a), Howard and 
(1976b), O.erend .1. <1975. Lee and Tang 

Talukd-r « ... (19«.)1. Abba.. of. L (1990), Schiffman , td, 

nZu "Jnd Taluk^r et al (1991) These investigations are believed to have smaller errors and yield 
298 K v.^ -15% lower than the previou. 

obtained from an analysis of the data of Wellington et al. and Talukdar et al. 

OH + CiHa There are many measurements of the rate coefficients at 298 K. In this evaluation we 

factor ... adjusted to reprodu., 'iS ST “om/£he„iu. behavior U exhibited over . wide 

^S“C*.T:^n b“' Tally e, al. and’ Droege and Tally. The branching ratio, were 
estimated from the latter study: 

k primary = 6 3 x 10 ' 12 exp(-1050/T) cm 3 molecule’ 1 s’ 1 
ksecondary = 6.3 x 10' 12 exp(-580/T) cm 3 molecule' 1 s' 1 

These numbers are in reasonable agreement with the older data of Greiner. 

OH + HoCO The value for k(298 K) is the average of those determined by Atkinson and Pitts (1978), 
St"f .t a,. (,980,. Temp, and Wagner (1984), 

Li et al. (1987b, relative to OH e C 2 H 4 i. high* 

Wag'ner (1984), Niki'et al. (1984)1; other channels may contribute to a small extent [Horowitz et al. 
(1978)]. 

OH + CHiOH The recommended value for k(298 K) is the average of seven direct studies [Overend 
(1986) are in good to ^”b-G^^wSIuS<?^ Kurylo, »"<* He “ 

rd“aUy. y (Tot! 

r 

the methyl P o„p or from the OH group. Ih. 


47 



D 8 . 


D9. 


^ouDis^T 16 ^ fv Meie !' u et , al > 3nd HeSS and ™y s ^Sest that H abstraction from the methyl 
group is the dominant channel below room temperature. ^ 

The recommended value for k(298 K) is the average of those reported by Campbell et al 
(1976), Overend and Paraskevopoulos (1978), Ravishankara and Davis (1978i rw n id * 

reDort^d^M ™ 1 St ? C ^ er (1986 , ) ’ Wallin et° n aad Kurylo (1987), and Hess and Tu’lly (1988) The v^ue 

ITToi X t aL Vr ly a faCt0r ° f tW ° l0Wer than that -commended here The recommend 
alue of E/R was obtained by using the data of Wallington and Kurylo, and Hess and Tully The A 

factor has been adjusted to yield the recommended value of k(298 K). At atmospheric temperatures H- 
0.988)] 8 raCtl ° n r ° m the CH2 gr ° Up is the dominant channel [Meier et al. (1985), Hess and T^illy 

?'fi, There ar ! i X measurements of this rate coefficient at 298 K [Morris et al. (1971) Niki 
al (1985l?i b an<1 ?? (1 , 978) ’ KelT 3nd She PPard (1981), Semmes et al. (1985), and Michael et 

Rt ts f ? T 0mn ! e " ded V f luC ° f k(298 K) is the ave -ge of these measurements. Atldnson and 

and f & and Mlchael et a h measured the temperature dependence of this rate coefficient 
of d r ‘J, ex h»hit a negative temperature dependence. The recommended E/R is the average value 
s u es. e A-factor has been adjusted to yield the recommended value of k(298 K). 

DI ° by H Nite a d 0 a 9 8 ^LTv mn, v nded Va J“p“ f ° r p k<298 K> “ * he avm «‘ of the c0 « m cienta meeeur.d 
by Niki et al. (1983) and Vaghjian, and Ravishankara (1989a), which differ by nearly a factor of two 

j Ct a ' measured rate coefficient relative to that for OH with C 2 H 4 (= 8.0 x 10’ 12 cm 3 molecule ’ 1 

s’ ) by monitoring CHgOOH disappearance using an FTIR system. Vaghjiani and Ravishankara 

s^r^ diSaPPea ;f n ,l e ° f ° H * 0D ’ and 18 OH in excess CH 3 OOH in a pulsed photolysis-LIF 
? y measu - d h between 203 and 423 K and report a negative activation energy with E/R = 
\ J 85 r !!? 1 T mended ^ 13 based on their results. The reaction of OH with CH 3 OOH occurs via 

tte' cHo SoH radTc T "I ,' 0 Pr ° dUCe CH3 °° and fr ° m the CH 3 *r° a P ^ produce 

Ravish V u ,Ca ’’ a8 ° ngmally Proposed by Niki et al. and confirmed by Vaghjiani and 

Ravishankara. CH 2 OOH is unstable and falls apart to CH 2 0 and OH within a few mic rounds 1 Z 

raactlon ^ CH 2° 0H wth 0 2 is unimportant under atmospheric conditions (Vaghjiani and 
Ravishankara). The recommended branching ratios are, 


OH + CH 3 OOH -» CH 3 0 2 + H 2 0 
OH + CH 3 OOH -> CH 2 OOH + H 2 0 


(a) 70% 

(b) 30%, 


Dll. 


(from Vaghjiani and Ravishankara) and are nearly independent of temperature. 

Wine W85W e joi?vet r fll ^ °? k(298 K) is the aVera ^ e of those measured by 

meaLred k(298 K %o S lot \ \ u et aL (1988c) ' Zetzsch aad Stuhl (1982) have also 

. „ v . , 8 J ’ ** ~ 5 r 0% lower than the recommended value. The temperature dependence of k 

has been studied only by Wine et al., who observed a very small negative activation ener^ the 
“ °f confirma tory studies, a temperature independent k is recommended. Based on tS study of 
foO OH + DaotoH T T COe rt nt f ° r tHe ° H + HC( °> 0H reaction was found to be the same as that 

r T u 7V y “ ,a * r; ‘" zsz?£’s& 

““ Id *“ hl ' dr ° B “ bondcd “ a ” a, * r »" d rarity ieith OH 

D12. OH * CH3«0,OR New Entry. The recommended k<298 K) was obtained from the averay, of the 
been studied only by Dagaut et al., Ld is recommended. 8 Dagaut^et^L 

dimer reacts twice as fast as the monomer, and attribute this to the reactivity of the acid group being 
^° n 7 riZati ° n - However > observation is inconsistent with the non-reactTvity o^thf 
£“ k “‘ ,S With ,h » — IT via the rZSn^l^ 
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D1 , OH + HCN- ™>“P» 

«lg a^discharge «ow „ a, ,aw 

SfSISr “ S5T— lliUSa a factor of two, at 7 «»rr bat .he, f.nd k 
to increase further with pressure. The products of the reaction are unknown. 

liiHSsrai 

pathways ^ IZ^OuZ^Z ^(298 K) and E/R 

tropospheric and stratospheric conditions. 

nvt OH + CHqC(0)0 2 N02 (PAN). New Entry. This reaction has been studied by Awe | groups of 
D15. OH + CH 3 C((J 0 U 2 INU 2 t > J et al . (198 4), and Tsalkani et al. (1988). Winer et ah 

investigators, Winer et ah (1977XJ coefficient. The recommended value is a weighted average of 

=r».t=2a 

rr Jlb b i S^enf. of. he rata 
coefficients and information on the reaction pathways are needed. 

Q„ + c 2 H 2 The database for this reaction is not well established. Room temperature me^urements 
SL^ndW .953; DeMore, 1969; DeMore, * 

wmmmmrn 

iTmated, based on an assumed A-tactor of 1.0 . 10'» cm* .-1 eimil.r to .ha. for the 

s» ;^r,: h ;xt; 5 oX^ 

9 a 1 b-tal.^ ar^O, CC 2 . id HCOOH. and fo™.c 

(DeMore and Lin, 1971). 

0 3 + C 2 H 4 . The rate constant of this reaction is well established over a wide temperature range, 178 to 

^ 4 j .. . a i tViQt- nf TUPAC (1989) which is based on the data of DeMore 

360 K. Our recommendation is taken from that ot lUt'At. UWWJ, ™‘ g t d 

(1969), Stedman et ah (1973), Herron and Huie (1974), J apar et d. (1 9 7 4 , 19 7 6), Toby . ( , 

(1980) Adeniji et ah (1981), Kan et ah (1981), Atkinson et ah (1982), and Bahta et al. (1984). 


D16. 


D17. 
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D20. 


Dl8 ' 2? + C3H6 ' ThC rate constant of this reaction is well established over the temperature range 185 to 360 K. 

** ^ ™ data ° f Herr0n and Huie < 1974 >’ in th « temperature 

range 235-362 K. (Note that a typographical error in Table 2 of that paper improperly lists the lowest 

STee^h? ° ? an thC C ° rreCt Value> 235 IC) The recommended Arrhenius expression 
agrees within 25% with the low temperature (185-195 K) data of DeMore (1969), and is consistent with but 

slightly lower (about 40%) than the data of Adeniji et al. (1981) in the temperature range 260-294 K 

/tit rrr™* ° f Cox and Penkett ( 1972 >. Stedman et al. (1973), Japar et al. (197 4 ‘ 
1976), and Atkinson et al. (1982) are in good agreement (10% or better) with the recommendation. 

D19. H0 2 + CH 2 0. There is sufficient evidence to suggest that H0 2 adds to CH 2 0 [Su et al. (1979b c) Vevret 
K)tthe aver^of et f ' ^ ^ ^ * ">• 

K) is the average of values obtained by Su et al. (1979c), Veyret et al. (1982), and Veyret et al. (1989). The 

Sis eH d ?o 7 oT e observed by Ve yret et al. (1989) is recommended. The value reported by 
Barnes et al. at 273 K is consistent with this recommendation. The adduct HOo’CHoO Hems to 

lsomerize to H0CH 2 00 reasonably rapidly and reversibly. There is a great deal of discrepancy 
between measured values of the equilibrium constants for this reaction. 

qnP N ‘i, ‘ t ,‘ S a * ery slow reaction > there are no studies of this reaction below 450 K. Davies 

and Thrush (1968) studied this reaction between 469 and 574 K while Perry and Melius (1984) studied it 

Our W r e Ic n o “? ?° ^ K ReSU ' tS a " d Melias a ™ cement w£h those 

1 t a * n ? en< rr» tl °u IS based on tbese two stu di e3 - The higher temperature (T>1000 K) combustion 
related studies [Roth et al. (1980), Szekely et al. (1984), and Louge and Hanson (1984)] have not been 

considered. This reaction has two reaction pathways: O + HCN -» H + NCO, AH = -2 kcal/mol (k )• 

+ HCN C a°, + , NH 0 (kb) ’ AH = ' 36 kcal/mo1 - ^ branching ratio k a /k b for these two channel’ 

varv si>n!fi eaSU H ed ~ 2 at T ~ 860 K ‘ The branching ratio at lower temperatures, which is likely to 
vary significantly with temperature, is unknown. y 

021 wlrnfcWlOfi^l V R UC at ^ a ^ aaaVerage of ten measurements [Arrington et al. (1965), Sullivan and 
MQfiQM k t 1965) ’ Br ° w n and Thrush (1967), Hoyermann et al. (1967, 1969), Westenberg and deHaas 
i 9 9b) . Ja - a , a ? d n GlaSS (1970) > Stuhl and Niki 0971), Westenberg and deHaaf (1977) and 
(lgesrdfdTrh ' 198 V ' TherC 13 r f aS ° nably g °° d a&r^ment among these studies. Arrington et al. 
hv 9 w! t d H ° bSe 7I a temperature dependence, an observation which was later shown to beerroneous 
by Westenberg and deHaas (1969b). Westenberg and deHaas (1969b), Hoyermann et al (1969) and 

^KwHstenblre' andd JP 7*°™ 7? 7™ measured the temperature dependence below 

the range 194 450 K. ArrhentH ?ff erV . ed a cu ™ ed Arrh ® nms P lot at temperatures higher than 450 K. In 
of thIT/ f £ Arr !? enlUS behavlor provides an adequate description and the E/R obtained by a fit 
1 1 a f fr0m these three groups in this temperature range is recommended. The A-factor was 

calculated to reproduce k(298 K). This reaction can have two sets of products, i.e., C 2 HO + H or CH 2 H 

Under molecular beam conditions C 2 HO has been shown to be the major product. The study by 
Aleksandrov et al. using a discharge flow-resonance fluorescence method (under undefined pressure 

rr,° nS) ,nd ! Cate . 3 tba ^ tha C2H ° + H channel contributes no more than 7% to the net reaction at 298 
K, while a similar study by Vinckier et al. (1985) suggests that both CH 2 and C 2 HO are formed. 

D22. O + H 2 CO. The recommended values for A, E/R and k(298 K) are the averages of those determined bv 

to Ti™ Kl^usintf df X 498 ^ flaSh P hotolysis - resona nce fluorescence, by Klemm et al. (1980) (298 

,. , g ^ sc barge flow-resonance fluorescence, and Chang and Barker (1979) (296 to 436 K1 
Hoof discharge flow-mass spectrometry techniques. All three studies are in good agreement The 

S L v 1^S5r2S. w,th h t 5r resul i s ofNikj r et ai - (i969)> Herr ° n and and 

TZ ? t (1973) ;,. the mechanism for O + H 2 CO has been considered to be the 

yieldinHH^ HCo'-ImHlf 1118 ° H + f H £°’ Chang and Barker su ggest that an additional channel 
H in ob f° 2 ; aay ° CCUm j ng to the eXtent ° f30% of the total reaction. This conclusion is based 
observation of C0 2 as a product of the reaction under conditions where reactions such as O + HCO 

M“ P :„s, a " d „flrL H ,“ OH * 00 appar “ t ' y d ° not ° ccur ' Th,s 

023 Tlw recommended k(298 K) U the average of three meaeurement, by Cadle and Power. 

(1967), Mack and Thrush (1974), and Singleton et al. (1977), which are in good agreement Cadle and 
Powers and Singleton et al. studied this reaction as a function of temperature betwefn 298 and 475 K and 
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obtained very similar Arrhenius parameters. The recommended E/R value was obtained by 
considering both sets of data. This reaction is known to proceed via H-atom abstraction [Mack and 
Thrush (1974), Avery and Cvetanovic (1965), and Singleton et al. (1977)]. 

D24. O + CH3. The recommended k(298 K) is the weighted average of three measurements by Washida and 
Bayes (1976), Washida (1980), and Plumb and Ryan (1982b). The E/R value is based on the results of 
Washida and Bayes (1976), who found k to be independent of temperature between 259 and 341 K. 

D25. CH3 + 02- This bimolecular reaction is not expected to be important based on the results of Baldwin 
and Golden (1978a), who found k < 5 x 10* 17 cm 3 molecule' 1 s' 1 for temperatures up to 1200 K. Klais et 
al. (1979) failed to detect OH (via CH3 + O2 -* CH2O + OH) at 368 K and placed an upper limit of 3 x 10 
cm 3 molecule* 1 s* 1 for this rate coefficient. Bhaskaran et al. (1979) measured k = 1x10 exp 
(-12 900/T) cm 3 molecule* 1 s* 1 for 1800 < T < 2200 K. The latter two studies thus support the results of 
Baldwin and Golden. Studies by Selzer and Hayes (1983) and Plumb and Ryan (1982b) confirm the low 
value for this rate coefficient. Previous studies of Washida and Bayes (1976) are superseded by those of 
Selzer and Bayes. Plumb and Ryan have placed an upper limit of 3 x 10* 16 cm 3 molecule* 1 s* 1 based on 
their inability to find HCHO in their experiments. A study by Zellner and Ewig (1988) suggests that 
this reaction is important at combustion temperature but is unimportant for the atmosphere. 

D26. C2H5 + 02- This recommendation is taken from IUPAC (1989). 

D27. CH2OH + 02- The rate coefficient was first measured directly by Radford (1980) by detecting the HO2 
product in a laser magnetic resonance spectrometer. The wall loss of CH2OH could have introduced a 
large error in this measurement. Radford also showed that the previous measurement of Avramenko 
and Kolesnikova (1961) was in error. Wang et al. (1984) measured a value of 1.4 x 10' 12 cm 3 
molecule* 1 s' 1 by detecting the HO2 product. Recently, Dobe et al. (1985), Grotheer et al. (1985), Payne et 
al. (1988), Grotheer et al. (1988) and Nesbitt et al. (1988) have measured k(298 K) to be close to 1.0 x 10* 11 
cm 3 molecule* 1 s* 1 under conditions where wall losses are small. This reaction appears to exhibit a 
very complex temperature dependence. Based on the recent data of Grotheer et al. (1988) and Nesbitt et 
al (1988), k appears to increase from 200 K to approximately 250 K in an Arrhenius fashion, levels off at 
approximately 300 K, decreases from 300 to 500 K, and finally increases as temperature is increased. 
This complex temperature dependence is believed to be due to the formation of a CH2(OH)»C>2 adduct 
which can isomerize to CH20»HC>2 or decompose to reactants. The CH20»HC>2 isomer can also 
decompose to CH2O and HO2 or reform the original adduct. At temperatures less than 250 K, the data of 
Nesbitt et al. suggests an E/R value of -1700 K. 

D28. CH3O + O2. The recommended value for k(298 K) is the average of those reported by Lorenz et al. (1985) 
and Wantuck et al. (1987). The recommended E/R was obtained using the results of Gutman et al. 
(1982) (413 to 608 K), Lorenz et al. (1985) (298 to 450 K), and Wantuck et al. (1987) (298 to 498 K). These 
investigators have measured k directly under pseudo-first order conditions by following CH3O via 
laser induced fluorescence. Wantuck et al. measured k up to 973 K and found the Arrhenius plot to be 
curved; only their lower temperature data are used in the fit to obtain E/R. The A factor has been 
adjusted to reproduce the recommended k(298 K). The previous high temperature measurements 
[Barker et al. (1977) and Batt and Robinson (1979)] are in reasonable agreement with the derived 
expression. This value is consistent with the 298 K results of Cox et al. (1980), obtained from an end 
product analysis study, and with the upper limit measured by Sanders et al. (1980b). The A-factor 
appears to be too low for a hydrogen atom transfer reaction. The Arrhenius plot is curved at higher 
temperature (Wantuck et al.). The reaction may be more complicated than a simple abstraction. At 
298 K, the products of this reaction are HO2 and CH2O as shown by Niki et al. (1981). 

D29. C2H5O + 02- New Entry. The recommendation is based on the pulsed laser photolysis study of Gutman 
et al.. (1982) who directly monitored the removal of C2H5O via laser induced fluorescence in a excess of 
O2 They measured k at only two temperatures, all above 298 K. The 298 K value deduced from an 
indirect study by Zabarnick and Heicklen (1985) is in reasonable agreement with the recommended 
value. 
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D30- HCO + O2. The value of k(298 K) is the average of the determinations by Washida et al. (1974), Shibuya 
et al. (1977), Veyret and Lesclaux (1981), and Langford and Moore (1984). There are three 
measurements of k where HCO was monitored via the intracavity dye laser absorption technique 
(Reilly et al. (1978), Nadtochenko et al. (1979), and Gill et al. (1981)). Even though there is excellent 
agreement between these three studies, they yield consistently lower values than those obtained by other 
techniques. There are several possible reasons for this discrepancy: (a) The relationship between 
HCO concentration and laser attenuation in an intracavity absorption experiment might not be linear, 
(b) there could have been depletion of O2 in the static systems that were used (as suggested by Veyret and 
Lesclaux), and (c) these experiments were designed more for the study of photochemistry than kinetics. 
Therefore, these values are not included in obtaining the recommended value. The recommended 
temperature dependence is essentially identical to that measured by Veyret and Lesclaux. We have 
expressed the temperature dependence in an Arrhenius form even though Veyret and Lesclaux 
preferred a T n form (k = 5.5 x 10' 11 T-(°- 4±0 - 3 ) cm 3 molecule' 1 s' 1 ). 

D31. CH3 + O3. The recommended A-factor and E/R are those obtained from the results of Ogryzlo et al. 
(1981). The results of Simonaitis and Heicklen (1975), based on an analysis of a complex system are 
not used. Washida et al. (1980b) used O + C 2 H 4 as the source of CH3. Studies on O + C 2 H 4 reaction 
[Buss et al. (1981), Kleinermanns and Luntz (1981), Hunziker et al. (1981), and Inoue and Akimoto 
(1981)] have shown this reaction to be a poor source of CH3. Therefore, the results of Washida et al. are 
also not used. 

D32. CH3O2 + O3. There are no direct studies of this reaction. The quoted upper limit is based on indirect 
evidence obtained by Simonaitis and Heicklen (1975). 

D33. CH3O2 + CH3O2. This reaction has been studied at 298 K by Hochanadel et al. (1977), Parkes (1977), 
Anastasi et al. (1978), Kan et al. (1979), Sanhueza et al. (1979), Cox and Tyndall (1980), Sander and 
Watson (1981c), Basco and Parmer (1985), McAdam et al. (1987), Kurylo and Wallington (1987) 
Jenkin et al. (1988), Lightfoot et al. (1990a), and Simon et al. (1990b). All the above determinations used 
UV absorption techniques to monitor CH3O2 and hence measured k Jo, where a is the absorption cross 
section for CH3O2 at the monitored wavelength. Therefore, the derived value of k critically depends on 
the value of a that is used. Even though there is good agreement between the measured values of k/o, 
there are large discrepancies (approximately a factor of 2) between the values of a measured by 
Hochanadel et al., Parkes, Sander and Watson, Adachi et al. (1980), McAdam et al., Kurylo et al. 
(1987a), and Simon et al. To obtain the recommended k value at 298 K, an average value of a at 250 nm, 
4.0 x 10 13 cm^ (obtained by averaging the results of Sander and Watson, Kurylo and Wallington as 
amended in Dagaut and Kurylo (1990), Lightfoot et al., and Jenkin et al.) was chosen. The value of 
k(298 K) was derived using this value of o and the weighted average value of k/o at 250 nm measured by 
Cox and Tyndall, Jenkin et al., Sander and Watson, McAdam et al., Kurylo and Wallington, 
Lightfoot et al., and Simon et al. The recommended temperature dependence was calculated by using 
the results of Sander and Watson, Kurylo and Wallington, Lightfoot et al. (at temperatures between 228 
and 420 K), and Jenkin and Cox (1990), using a value of o independent of T. It has been recently shown 
by Lightfoot and Jemi-Alade (1991) that o is essentially invariant with temperature. It is not clear 
whether the above procedure of recalculating k using an average value of a is valid. Therefore, the 
quoted error limits encompass the values of k calculated by various authors. This reaction has four 
possible sets of products, i.e., 


CH3O2 + CH3O2 -» 2CH3O + O2 
CH3O2 + CH3O2 -» CH2O + CH3OH + 0 2 
CH3O2 + CH3O2 -> CH3OOCH3 + 0 2 
CH3O2 + CH3O2 -> CH3OOH + CH 2 02 


k a ! k a /k — 0.3 at 298 K 
kbl kb/k = 0.6 at 298 K 
kc; kc/k = 0.1 at 298 K 
ka ; kd/k = 0.0 at 298 K 


FTIR studies by Kan et al. (1980) and Niki et al. (1981) are in reasonable agreement on branching 
ratios at 298 K; k a /k - 0.35, kfc/k ~ 0.55. The recent study by Lightfoot et al. also yields k a /k s 0.35 
while Horie et al. (1990) obtain 0.30. The last two groups see a large decrease of k a /k with decreasing 
temperature, which may be expressed as (k a /k) = 1/[1 + (expU130/T))/19]. The results of Ballod et al. 
(1989) are in fair agreement with this trend. Channel (d) was suggested by Nangia and Benson (1980), 
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D34. 


D35. 


D36. 


but there i. no experimental data to suggest its occurrence IKhur.an et .UIWOM . Bec.u« ^ ' the 
should be noted that the recommended value depends on the branching ratios. 

CH3O0 + NO. The value of k(298 K) is the average of those determined by Sander and Wat^n (1980) 

„ 3 } v t 1 nQ81a) Cox and Tyndall (1980), Plumb et al. (1981), Simonaitis and Heicklen 
(198lSzellner et ll. (1986). Values lower by more than a factor of two have been reported by Adachi 
and Ba“o a979) and Simonaitis and Heicklen (1979). The former direct study was probab ) , in error 
because of interference by CH3ONO formation. The results of Simonaitis and HeickW ) d 
Plumb et al. (1979) are assumed to be superseded by their more recent values. Ravishankara . 
mq»i 1 anH Simonaitis and Heicklen (1981) have measured the temperature dependence of k 

that ^measured by Simonaitis and Heicklen. Ravishankara et al. (1981a) find that the reaction channel 
L^g to N0 2 accounts for at least 80% of the reaction. Zellner et al. (1986) have measured the yield of 
CH3O to be 1 0±0.2. These results, in conjunction with the indirect evidence obtained by Pate et al. 
(1974), confirm that NO2 formation is the major reaction path, at least at low pressures. 

CH3O9 + H0 2 . The rate coefficient at 298 K has been measured by Cox and Tyndall ^79 1980) 
Mcxfrteat et aU1986) McAdam et al. (1987), Kurylo et al. (1987b), Jenkin et al. (1988), and Lightfoot et 
dTlSOOb) In all the studies, except that of Jenkin et al.. both CH 3 0 2 and HO Z have been monitored via 
Sv aSorpti n Jenkin et al. used IR absorption of HQ 2 and UV absorption of CH3O2 to obtain the rate 
rnstn^ Because of overlapping absorption spectra of CH 3 0 2 and H0 2 and the unavoid^ le 
occurrence of the CH 3 0 2 + CH 3 0 2 and H0 2 + H0 2 reactions along with the CH 3 0 2 t ^ on8 

extraction of the rate coefficient requires modelling of the system and reliance on the UV cross sections 
of both CH 3 0 2 and H0 2 . The agreement between the values of k obtained by all these groups is ry 

, p rt of the differences are definitely due to different values of the UV cross sections used in 
ZLIlls Contrffiution from secondary reactions may also be partly responsible for the 
differences Unfortunately, it is not feasible to correct the reported values to a common set of cr 
ifIT Therefore the average of values from Cox and Tyndall, Moortgat et al., McAdam et al., 

0^ this rate coefficient. The recommended E/R was obtained by plotting In (k (T /k 2 98) ™ ^ fro ™ 
these studies This method looks for only the E/R value in each data set. The A-factor was calcala 
reproduce k(298 K). The studies by the above groups have indicated that this reaction is not affected y 

pressure or nature of the buffer gas. 

Jenkin et al. suggest that a substantial fraction of the reaction may yield H 2 0 + CH 2 0 + O2 rather than 
CH3OOH + 0 2 . The lower value of k measured by monitoring CH 3 OOH formation by Moortgat et aL 
and Kan et al. (1980) is consistent with the occurrence of the second channel and l«wer vMue of k 
measured when CH 3 OOH product yield is monitored. However, the recent work of Wellington (1991) 
indicates that CH 3 OOH is the dominant (>92%), if not the only, product. Further work on measurement 
of k without reliance on UV absorption cross sections and branching ratios where CH 2 0 is monitored 

needed. 

CH3O9 + CH 3 C(0)0 2 . New Entry. The reaction has been investigated by Addison et al. (1980) 

M Pt al (1986) and Moortgat et al. (1989a) using UV absorption in conjunction with 

Rations of ie CH 3 C(0)0 2 self-reaction. The rate coefficient obtained by Addison et al is a 
ZZ Tower than thL tneaL.d by Moortgat a, .b 0986). i. baliav.d that to » 

due to the us. of low UV absorption cross sections, which were kn °™ “ tk<l ' w u ch „ * 

[Moortgat et al. (1989)]. The recommended value is that obtained by Moortgat et al. ( ), 

excellent agreement with the value of Moortgat et al. (1986). The temperature dependence of k has been 
studied by Moortgat et al. (1989) and is recommended. 


The reaction has two pathways, 
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CH3C(0)O2 + CH3O2 -» CH3C(0)0 + CH3O + O2 (a) 

CH 3 C(0)O2 + CH3O2 -» CH3C(0)0H + CH2O + O2 (b). 

Moortgat al. (1989) have extracted from their measurements the following T dependence for the 
individual rate coefficients over a very limited temperature range near 298 K: 

ha = 1*8 x 10 9 exp [-(1800 ± 1100)/T] cm^ molecule' 1 s’ 1 
kb = 4.1 x 10’ 15 exp [(2100 ± 1200)/T] cm 3 molecule’ 1 s’ 1 

Note that these rate coefficients have large uncertainties and should be used only for 250 < T < 350 K 
MoXalt 6^1^1989) ginally Pr ° P ° Sed by Weaver et aL (1976) whi,e P athwa y (b) was proposed by 

D37. C 2 H 5 0 2 + C 2 H 5 0 2 . The recommended value of k(298 K) was derived from the studies of Adachi et al. 

(1979), Anastasi et al. (1979), Munk et al. (1986), Cattell et al. (1986), Anastasi et al. (1987) and 
Wallington et al. (1988a). All the above determinations used UV absorption to monitor C2H5O2 and 

hence measured k/o, where o is the absorption cross section of C2H5O2 at the monitoring wavelength. 
These investigators also measured the o that was used in evaluating the rate coefficient. There are 
large discrepancies in the measured values of a. For this evaluation, we have used the reported value of 
k rather than evaluating a mean value of k/o and converting it to k, using a preferred value of a. In all 
these experiments the observed rate coefficient is higher than the true rate coefficient because of 
secondary reactions involving H0 2 . H0 2 is formed by the reaction of CH 3 CH 2 0 with 0 2 and reacts 
with C 2 H 5 0 2 to enhance the observed rate coefficient (see Wallington et al. for further ’discussion). 
Based on product branching ratios discussed below, which determine the magnitude of the necessary 
correction the recommended rate coefficient is 0.6 times the average observed rate coefficient. The 
MOQ^T e * nded VB Ue ° f E/R Was obtained from the results of Anastasi et al. (1979), Wallington et al. 
it 298K ^T 31 (1937) > a ' ld Catta11 at al. (1986). The observed products [Niki et al. (1982)], suggest that 
nJ 9 ™^ h ‘ ^ hannel to yleld 2 C 2H50 + 0 2 accounts for about 60% of the reaction; the channel to yield 
CH3CHO + C 2 H 5 OH + 0 2 accounts for about 40% of the reaction; and the channel to yield C 2 H502C 2 H5 
+ 0 2 accounts for less than 5% of the reaction. These branching ratios were used above to obtain the true 
rate coefficient from the observed rate coefficient. 

D38. C 2 H 5 0 2 + N0. The recommended value is that reported by Plumb etal. (1982). The value reported by 

Adachi and Basco (1979), which is a factor of three lower than the Plumb et al. value, was not used. The 
rate coefficient for the CH30 2 + NO reaction measured by Basco and co-workers [Adachi et al (1979)] 
usmg the same apparatus, ,s much lower than the value recommended here. The temperature 
dependence of the C 2 H 5 0 2 + NO rate coefficient has not been measured. However, by analogy with the 
H3O2 + NO reaction, the E/R is expected to be near zero, with a small negative value being likely. 

D39 ' C 2H50 2 + H0 2 . New Entry. The recommended value is the average of those measured by Cattell et al. 

(1986) and Dagaut et al. (1988b). In both experiments the rate coefficient was obtained by modeling the 
reaction system. Also the calculated rate coefficients depended on the UV absorption cross sections of 
both C 2 H50 2 and H0 2 . As mentioned earlier, the absorption cross section of C 2 H50 2 is not well- 
defined. The agreement between the two studies, however, is reasonable. The recommended E/R is 
that measured by Dagaut et al. Wallington and Japar (1990) have shown that C 2 Hs0 2 H and O9 are the 
only products of this reaction. 


D40. 


CH 3 C(0)0 2 + CH 3 C(0)0 2 . New Entry. This reaction has been studied by Addison et al. (1980) Basco 

i:t Pa Z a \ ( !f 5)> Tu f!° 0rtgat Ct aL (1989a) > usin & m Sorption techniques. The recommended 
Ih^inlk ST / , et aL As P° inted out ^ Moortgat et al., the six times lower value of k 

obtained by Addison et al. is hkely due to the use of incorrect UV absorption cross sections for the 
peroxyradical, which were poorly defined when the study was carried out. The k obtained by Basco and 
Parmar is ~2 times lower than the recommended value. This discrepancy is possibly due to neglecting 
the UV absorption of CH30 2 in their data analysis [Moortgat et al. (1989a)]. The recommended 
temperature dependence is that measured by Moortgat et al. Addison et al. reported the formation of O3 
which was attributed to the reaction channel which produces CH3C(0)OCH3C(0) + O3. Moortgat et al.’ 
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place an upper limit of 2* for thi, channel . Th, main products of this reaction appear to he CH 3 «0)0 . 

02- The CH3C(0)0 radicals rapidly decompose to give CH3 an 2- 

“«• C «J C(0 »°2 ; on N ° f 

employed in these studies are not all the sa - values on a n absolute scale. The obtained 

CH 3 C(0)02 With N0 2 has been used to place of pressure. The 

values are in reasonable agreement and sho (deDend ing on the number of determinations) average 
recommended value was obtained by a weig P Krc ® ner et al shoW8 that the rate coefficient is 

of the results from all the investigators. The st y Based on analogy with other 

independent of temperature a, leas, within the ,»»«» range of 304 W 321 K. B«d ^ ^ 

R0 2 + NO reactions, the E/R is recommended to be zero, me prouu 

CH3C(0)0 and N0 2 . 

D42. CH 3 C(0,02 * H0 2 . New Entry. The, recommendation 

measurement of this rate coefficient. T^ e> ,™® a ^® d 210 and 260 nm absorption temporal profiles to 
time in a flash photolysis system and fitted ^ ™ ^ recommended temperature 

a set of reactions involving CH 3 C(0)0 2 , OH 3 U 2 , an J measurement is dependent 

dependence is also from this study. The rate ^coe ^len o reactions. Hence, any change in 

on the UV absorption cross sections o ’ all th ^™” e J- cient> The recommended k and E/R are 

these parameters can change the calcuh There are two possible channels for this 

consistent with those for similar peroxy radical reactions. There are two poss, 

reaction: 

CH 3 C(0)0 2 + H0 2 -» CH 3 C(0)00H + 0 2 (a) 

CH3C(0)0 2 + H0 2 -* CH3C(0)0H + O3 (b) 

value of 0.3 is recommended for kfc/k. 

m NO „ co Th, upp , r limit is based on the result, of Hjorth et .1. (1986), who monitored i^pj'ly 
"Sled CO lo^n I presence of N0 3 by FTIR Burrows et a). (1985b) obtained an upper tar of 4 . 
10-16 cm 3 molecule' 1 which is consistent with the Hjorth et al. study. Products or. expected 
NC>2 + CO2, 'f reaction occurs. 

D44 N0 3 + CH 2 0. There are three measurement, of thi. rate coefficient at 298 Ki Atkinson et c .1. (!984a) 

Cantrell et al. (1985), and Hjorth et al. (1988). The value reported by Atkinson et al. (1984a), *-(»•»* 

0 ill* io -1 ^ cm^ molecule - * s’* to account for the different 

nOfiWlO ’ 16 cm 3 molecule” 1 s’ 1 , is corrected to 5.8 x 10 cm moietuie => 

°* 26 *11 • f f fnr tViP NOq 4* N09 <-> N9O5 reaction that was measured subsequent to 

value of the equilibrium constant for the NO3 + NG 2 2 5 is in accordance with their 

this study by the same group using the same apparatus. This correct , , g „ 10 -16 

r m f 1 n The value reported by Cantrell et al., and Hjorth et al. 

suggestion [Tuato e. 1 1984 T he value rep ^ ^ ^ .„ good w , inl , nt with 

cm 3 molecule 1 s 1 and (5.4±1.1) x 10 cm average of these three studies. 

the corrected value of Atkinson et al. The ^7rHO Lethrproducts of this reaction. The 

Cantrell et al. have good evidence to suggest that HN0 3 and CHO are the products 

temperature dependence of this rate coefficient is unknown. 

rv.r m * CHqCHO There are four measurements of this rate constant: Morris and Niki (1974), 

W5 ' KS* Cantrell e, al. (1986), Dlugokeneky and Howard (1989b The y, te repor^dby 
A., ■ ♦ i MQRW v = (1.34±0.28) x 10- 15 cm 3 molecule' 1 s' 1 , is corrected to 2.4 x 10 cm 

molecule' 1 s 1 as dismissed for the N0 3 + H 2 CO reaction above and as migge^d by Tu^n et 
U984). Th, recommended value is the average of (he 1 v.t 

0 . ~„t value S the eguilibHum eonatan. for the 
reaction N0 2 . NO, „ N 2 0 5 a, shown b, Dlugokeneky and Howard. Dlugokeneky and Howard have 
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Cantrell ,t .1. observed the fomaUon of HNO, PAM r “""‘ W her *' “c™ “ d Niki ' »" d 

HN0 3 and CH 3 CO are the p Xt^onh™ c L„ * he ' r Whkb >“«“** *»« 


E2. 


E3. 


E1 et al ,1976) - Zate - ab < i9 ™>- k ^"> - 
preferred value at this temperature. The vnlnp & °° an( * ^ ave ^ en use( * determine the 

error limits) and Clyne rrC; 6 ' (^VffT rep ,° rted by Leu and DeMore (1976) (due to the wide 
four Arrhenius exprXZ .XXjr .XXt'Xhi!, 3 ™? liCab ' y f hiEh) *™ »* considered. The 
temperature range, the rate constants at TZZ7 7 7 H te mperature range 205-300 K. In this 
the values of the activation energy obtained by Watson ^ Tr**” 30 ' 40% ‘ Althou « h 

agreement, the value of k in the studv of Knrvln a n • Snd ^ ury 0 and H raun are in excellent 

Watson et kl. This may surest a svstmabc 2 ♦ , Bra “" ^consistently (-17%) lower than that of 

other three agree so well at 298 K. A more disturbing differen 1 •** tu* 6 COastant ’ as the valuea from the 
the activation energy (338-831 cal/mol) However CC ' S tbe scatter ln tJle values reported for 

other; therefore, thf preferred ^Ten us exZsl T “ "V* 330 " to Prefer any ° ne 8et of data to *"y 
of the four results Jween 205 and 2^ 

stud}^ l^^coldc^et'ahf 19^^)^how no^ Arrhe; ? " V” X ^ **P(-310±76/T) RelTts of the 

These results are in good h* 1 ” T ‘ emperature ™ge 189-385 K. 
temperatures they are fasSTZ! The ^ecommenTr re ^ mmanda ' «>n above about 250 K, but at lower 
to about 220 K. DeMore (1991) directly determined the mXra"! 

w,thm 15% of that calculated from the absoloto rate constant vlX.^XS.re * ^ 

ISr ia thl * — - 

mol^ar oxygen in this reaction has also been diXs J^DeXe 

x™' H ° wever ch °° and uu (mM ™ ^ •» ^ 0*^ j 

and 9 5 in 2 3 ^ em 9 r,d set upper limits to the branching ratios for their production off x 10" 4 

oxygeif atoms,' 

vibrationally excited CIO radicals produced in the Cl + Oo e 3 t P enmenta Wlth excess Cl atoms, the 

and oxygen atoms which can, then remove XL.? an '1 7 T ?! a, ° m * C, 2 

SSL 

temperatures. For a discussion of the large X of X X 11 T7 a " d R ' dea ( 19391 “ hl « her 

reaebon, and found tbe raho to be ^ 

range (0 99 to 1 dXlO^'XI™” 1'’“" abS ° l “' < ' ™. t *' '“"ieient studies for k at 298 K fall in the 

SS^7SSU5t*5 SST£S5 

Ravishankar, and Wine (1980). The vie, denied tor k'« 298 k' lom t? 97 ”' 7"' ‘u 1 ? 781 ’ “ d 
studies of Pntchard et al. (1954) Knox (19W PrJf^ a *- 1 com P etltlve chlorination 

et al. ( 1978 .) ra „g, from (095 1 ,^ 0 1955X Kn0:< Md N "“" < 1999 '. »" d Un 
g irom iu.yo l.ld) x 10 , with an average value of 1.02 x 10 - 13 . Th e preferred value 
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of 1.0 x 10- 13 was obtained by taking a mean value from the most reliable absolute and relative rate 
coefficient studies. 

*£%££ Zahni.er « al. (.«»-- J 

MWS 

1229-1320 K, and (b) k(230 K) ranging from (2.64-3.32) x 10' 14 ' The mean of the two discharge flow 
values [Zahniser et al. (1978) and Keyser (1978)] is 2*7 * 

photolysis values [Watson et al. (1976), Manning and Kurylo (1977), Whytock et a l 

. , J Winp (198011 is 3.22 x 10' 14 at 230 K. There have not been any absolute studies at 

equilibration of the *Pl/2 and 2 P 3 /2 state, of atomic chlorine. 

at temperatures below ^^^"^[^^^[^(.g^^no^TOnt^^^^lic^nt'apin equilibrator, 

®4 concentrations^ TW 

mmmmmmss- 

chlorination results are reliable. 

Above 300 K the three resonance fluorescence studies reported (a) "averaged" values of E^R ranging 
^m 1530-1623 K, and (b) values for k(500 K) ranging from (7.74-8.76) * 10* 

daUomlVet ^" spirit %£& £5K 

resonance fluorescence results. 

differ from those obtained from the absolute studies in that linear Arrhenius behavioriso ' 

Sene, is the major discrepancy between the two types of experiments. 

from 1503 to 1530 K. and k(230 K) from (2.11-2.54) x 10 14 with a mean value of 2 27 x 10 . can i be 

seen from the above discussion that the average values at 230 K are: 3.19 x 10‘ 14 (flash photolysis), 2.67 
x 10- 14 (discharge flow) and 2.27 x 10' 14 (competitive chlorination). These differences increase at 
r„i. r Until the hypotheis of R,vi,hank»,n and 

preferred Arrhenius expression attempts to best fit the results obtained between 200 and 1300 K from all 
preierre y l3 ^ ^ 23o R . g 2 ?1 x 10 -14 (thj8 , 9 a simple 

sources. T^ e ^^fvera ge v' al ues) The preferred Arrhenius expression yields values similar to those 

liTcdt fluorescence studies. If only to*****™^ 

fluorescence results are used then an alternate expression of 6.4 x 10* 12 (exp(-1200^T)) can be obtained 

(k(298 K) = 1.07 x 10' 13 , and k(230 K) = 3.19 x 10' 14 ). 

E4. Cl + C 2 H 6 . The absolute rate coefficients reported in all four studies [Davis et al. ( 1970), M a "™ng and 
Kurvlo (1977) Lewis et al. (1980), and Ray et al. (1980)] are in good agreement at 298 K. The value 
Sported by^ DaZet al. was probably overestimated by -10% (the authors assumed that If was 
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E5. 


E6. 


E7. 


proporti°nal to [Cl] • , whereas a linear relationship between If and [Cl] probably held under their 
experimental conditions). The preferred value at 298 K was taken to be a simple mean of the four 

for E% arlTn cT ^ * L WSS reduCed ^ 10% >- ie - 5 7 * 10* 11 . The two values reported 

good agreement, E/R = 61 K (Manning and Kurylo) and E/R ■ 130 K (Lewis et al 1 A 

simple least squares fit to all the data would unfairly weight the data of Lewis et ah iue to the^get 
temperature range covered. Therefore, the preferred value of 7.7 x 10 ' 11 exo(-90/Tl i. n „ avri «, 
which best fits the data of Lewis et al. and Manning and Kurylo between 220 and 350 K. 100 

Cl + C 3 H 8 . This recommendation is based on results over the temperature range 220-607 K reported in 

r7o?Qi Aft * h ! P 1Ve chlonnatlon studies of Pritchard et al. (1955), Knox and Nelson 

(1959), Atkinson and Aschmann (1985), and Wallington et al. (1988). 

flit ?!?™ 8 recommendation is based on the 200-500 K results of Michael et al. (1979b) by the 
flash photolysis-resonance technique and the 298 K results of Payne et al (19871 hv tv,„ ,t;a h n 
mass spectrometry technique. Product analysis and 

" mecharusm consists of abstraction of a hydrogen atom from the methyl group rather than from 

(1987WTMS rr t ee K adf0rd ( i 980) ’ Radford et al - < 1981 ). Meier et al. (1984) and Payne efal 

CHoOH^T Oo " r T, “f “T* ° H2 ° H * nd “ ■ “ ur “ ° f H0 2 by the reaction of 

nQH« 1 i • Vctr° 2 ’ resu ts obtained ln the competitive chlorination studies of Wallington et al 
(1988c), Lightfoot et al. (1990b) and Nelson et al. (1990b) are consistent with the recommendation. 

re c om rne n dati on accepts the upper limit at room temperature reported by Kurylo and 
( using flash photolysis-resonance fluorescence. Poulet et al. (1984a) used discharge flow- 

r 7 ,Trr" and rePOr ? d the expressi0n k = 3 5 x 10 ' U ***- 21 * 5 ™ over the temperature range 

.to„l CU, T d fr °a M r e - pres “"' '* ■«»“* ‘bar [hot r£ ^£^£££2%. 

t ongly influenced by heterogeneous processes. It should be noted that their extranolnnoH 
temperature value is approximately equal to Kurylo and Enables upper limit Slbrerts e ^ (iSS 
reported values near 400 K that agree with results of Poulet et al. Ulbregts et al. (1984) 

Cl + CH 3 C1. The results reported by Clyne and Walker (1973) and Manning and Kurylo (1977) are in 
r, ^ than 

suggested that the discharge flow-mass spectrometric technique was in this cail subject to a systematic 

tlT^OSOO K i tImTr m t ended that r the j ! 88 * 1 P hotol y sis results be used for stratospheric calculations in 
CH, ™ K ! P Ure ra ; g h (S6e <LSCUSSi0n ° f the C1 + CH < studies >- In the discussion of the CU 
Walker and "he flashoh^tT ^7 7™ ^ ^ apparent discre P anc y between the results of Clyne and 

;r5~ 

reel JcndeTval 0 . ^ ^ * »'• (1MOb » ■» *« intent 

S' t C ? 2 C n' NeW , Entry - ^ ^commended value is based on results of the relative rate study of 
Tschuikow-Roux et a . (1988) normalized to the value of the rate constant for the reference reaction (Cl + 
CH 4 ) recommended ,n this evaluation. The room temperature value is in good^ ^ment ^wTth re ults 
of the relative rate study of Nik. et al. (1980b). The higher results of Clyne and Walker (1973) were not 

El0 ' (^“: fT' ? e r 7T ended ValUe is based ° n results of the relative rate study of Knox 
Si r A ^ Va UCS rate Constants for two reference reactions (Cl + CH 4 and Cl + 

CH 3 CI) recommended ,n this evaluation. The higher results of Clyne and Walker (1973) were not 
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E14. 


E15. 


c-,1 PU CHFClo (HCFC-21) New Entry. The recommended value is based on results of the relative rate 

E IdyTSvafand Heicklen (1985) normalized to the value of the rate constant for the reference 

reaction (Cl + NO + M) recommended in this evaluation. 

P19 n . CHoFCl (HCFC-31) New Entry. The recommended value is based on results of the relative rate 

Idy oftch Si et al. C1988) normalized to the value of the rate constant for the reference 
reaction (Cl + CH4) recommended in this evaluation. 

17,0 r>i PHnFo fHFC 32) New Entry The recommended value is based on results of the relative rate 
reaction (Cl + CH4) recommended in this evaluation. 

PI + CHoF (HFC-41) New Entry. The recommended value is based on results of the direct study of 

dependence, which is encompassed within the error limits. 

Cl ♦ CHnCCh There has been only one study of this rate, that by Wine et al. (1982), using a laser flash 

““Xd 259-356 K, Thii reaction is to. slow to be of an, importance in 
atmospheric chemistry. 

Pi PWPlnPFa CHCFC 123) New Entry. The recommended value is based on results of the direct 
temperature. 

Pi PHTTPlPFc (HCFC 124) New Entry. The recommended value is based on results of the direct 

(private communication, using the pulsed photolysis-resonance 

fluorescence technique. 

Cl + CH0CICF3 (HCFC-133a). New Entry. The recommended value is based on results of the 
study of Jourdain et al. (1978b) using the discharge flow-mass spectrometnc technique 
decay of the HCFC in the presence of a large excess of Cl atoms. 

Cl + CHF9CHF2 (HFC-134). New Entry. The recommended value is based on results of the relative 
r^ study ofvano and Tschuikow-Roux (1986) normalized to the value of the rate constant for the 
reference reaction (Cl + C 2 H 6 ) recommended in this evaluation. 

Cl + CH2FCF3 (HFC-134a). New Entry. The recommended value is based on results of the relative rate 
study of Wallington and Hurley (1992). 

Cl + CH3CFCI3 (HCFC-141b). New Entry. The recommended value is based on results of the relative 
temperature. 

Cl + CH3CF2CI (HCFC-142b). New Entry. The recommended value is based on results of the relative 
rate study of Wallington and Hurley (1992). 

Cl + CH2FCHF2 (HFC-143). New Entry. The recommended values for the two reaction channels are 
based on results^of the relative rule study of Tschuikow-Roux et d. (1985b) normal, red to the value of the 
rate constant for the reference reaction (Cl + CH 4 ) recommended in this evaluation. 


E16. 


E17. 


E18. 


E19. 


E20. 


E21. 


E22. 


E23. 
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E24 ' MS'* (I ! FC 'p 43aJ - N 7 Entry - The rec<muner| ded value is based on results of the relative rate 

reacLn^cTicH°T? 0UX a (1985b) . normalized to the value of the rate constant for the reference 
reaction (Cl + CH4) recommended in this evaluation. 

E25 <HFC ; ~ 2> u t !' W Enlry The '“™endcd value i, based on result, of the relative 

«fereice rea«To‘„"^ lew ' , (1 , 98S ) normalized to the value of the rate constant for the 

reierence reaction (Cl + C2H6) recommended in this evaluation. 

E26. Cl + CH 3 CHF 2 (HFC-152a). New Entry. The recommended values for the two reaction channels are 

based on results of the relative rate study of Yano and Tschuikow-Roux (1986) normalized to the value 
^ thS ref r“* < CI * C ^> recomn tended in fail evaluati” ^ 

E2? m! + CH3 ° H 2 F (HFC-161). New Entry. The recommended values for the two reaction channels are 

tmteconstant f 3 1 7 et “ dy of ' T»chuikow-Roux et al. (1985b) normalized to the value of the 

rate constant for the reference reaction (Cl + CH 4 ) recommended in this evaluation. 

E28 ‘ Id (PAN ,\ NeW Entry ’ The recommended value is b ^ d on results of the relative rate 

atoms f T^ a in ^°H 8 ' (19 7 b) ' In th ’ S Study n ° reaction of PAN was observed in the presence of Cl 
f cha^ 

r r.s,ix ol r:f. - mpurit,e * io the pan 

E29 ' Studi6S [Miehael et aL (1979a) > Anderson and 

ryio (iy79), Niki et al. (1978a), Fasano and Nogar (1981) and Poulet et al ("198111 „ . 

af^^l^as^bt ^ h ^\~ 50% & reater tha n the value reported by Foon et al. (1979). The preferred vahie 
v l obtalned by combining the absolute values reported by Michael et al. Anderson nnd 

CoH )’ an Tk^nti!* 1 N T r ’ Wth the values obtained by combining the ratio of k(Cl ’+ H2CO)/k(Cl + 
in 11 r w!? ^ 1 6t (1 ' 3±0 ' 1) and by P ° Ulet 6t aL (116±012 ) ^th the preferred value of 5.7 x 

IL data : A 2 U t a i K ^ VaIue ° f E/R Was Stained a squares fit to all 

Tref^dTueat 298 K * ^ ^ " AnderS ° n and Kuryl °' 1716 A ' factor was * d i-t*d to yield the 

E30 ‘ ^ coefficients determined at -298 K by Watson et al. (1976), Leu and DeMore 

io 13 ’ ^ t * , ^ aL (19?8a) and KeySer (198 ° a) ran ^ e in value from (3. 6-6. 2) x 

^e S d d ate ati f n M a i; d f P ]° SSibly ^ a ^ n ' bu t® d t<^ decom positton ofHa^at Sm^tu^al^ 0 ^? 1 

proceeds only by the abstraction mechanism giving HC1 and H0 2 as products. 

E3L ? u H0C l; THiS recommendat >on is based on results over the temperature range 243-365 K usimr tbe 
discharge flow-mass spectrometric technique in the only reported study of dTiSw 

Ennis and Birks (1985) have measured the product distribution in a dLharge flow-mTss spectmme ric 

91±6%! 811 ^ maJ ° r reSCti0n Channd iS th3t l ° the pr ° ducts C1 2 + OH with a yield of 

m toXn? 1 U T, li '” i * <■ "potted fa the recent etudy of 

we. obeerved. fa the same etudy = leee .ensit.ve upper limit w», derived from monitil»r^Z 
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E33. 


a,c. yt y re »on„ n c.n u or,=c» C e i'S^St^STlES^^SK 

si;ss;«s. ssi » *. «*- «*«— -«■ - - 

al. (1978a) are not used. 

Cl + H0 2 . The recommendations for the two reaction channels are based upon the results by Lee and 
Howard (1982) using a discharge flow system with laser magnetic resonance detection of HO%OK™d 


CIO. 


rd (19oz) using a aiscnuige uuw ° in-H 

The total rate constant is temperature independent with a value of (4.2±0.7) x 10 

. _ _ - rrv, . i r i.1 r>r\T\ aTQnt 


E34. 


E35. 


E36. 


E37. 


E38. 


E39. 


STS** .nd Cox (.986) using a molecular modulatioa-UV ab.orpt.on 

The rate constant for the channel producing CIO + OH can be combined with that for 

OH > CU H0 2 to give an equilibrium constant from which a value of the heat of formation of H0 2 at 298 

K of 3.0 kcal/mol can be derived. 

7ZSSS Sit phLyTexp— Th. .artmr 

activation energy. 

PI , OCIO The recent data of Toohey (1988) are in good agreement with the results of Bemand et al. 
(1973?at room temperature, and the recommended value at room temperature the mean of the value, 
reported inTeteTwo studies. The slight negative temperature dependence reported by Toohey (1988 .. 
accepted 'but with error limits that encompass the temperature independence reported tn the earher 

study. 

PI + ClOO The recommended value is based on the results of recent studies by Mauldin et al (1992) 
I’eTd ^STin which studies ClOO was formed by the pulsed photolysis of W* m,«t»rt» 
21 itsoverall loss rate was monitored by UV absorption. In both studies k was found to ba 'ndep.^en 
of temoerature These results are preferred over the results of the earlier, indirect studies of Johnston et 
al U969) Cox et al. (1979), and Ashford et al. (1978). The earlier studies did show that the pndomnant 
reaction pathway is that gelding Cl 2 + 0 2 as products. From the branching ratio data of Cox et al 
Ashford et al., and Nicholas and Norrish (1968), it can be estimated that this reaction charm 
institutes 95% of the overall reaction with CIO + CIO the products of the minor (5%) reaction channel. 

Cl + C1 2 0 2 . The recommended value is that determined by Friedl (private communication^) in a 
study using a DF-MS technique. It is in agreement with the value reported by Cox an aym 
in a study using a static photolysis technique with photodiode array UV spectroscopy. 

Cl + C10N0 2 . Flash photolysis/resonance fluorescence studies by Margitan (1983a) and by Kurylo et 
al (1983a) which are in good agreement, show that the rate constant for this reaction is almost two 
llr! ofiSituZfa.terthau Sat indicated by th. praviou, work of Kurylo and Maonmg (1977) and 
Ravishankara et al (1977b). It is probable that the slower reaction observed by Kurylo and Man g 
wZ«c“a% O v CiNOg, Cl CINO 3 . The pref.rrad value average, the re.ult, of the two new 

studies. 

Cl + NO3 The recommended value at room temperature is based on the recent discharge flow-EPR 

study of Mellouki et al. (1987). The results of this direct absolute rate study are a 9 ? 7 )Tn aU of 
the earlier relative rate studies of Cox et al. (1984a), Burrows et al. (1985b), and Cox et al. (1987), in all 
m ZI Z monitored in the photolysis of C1 2 -C10N0 2 -N 2 mixtures. Complications in the 
chemistry of the earlier systems probably contributed to the spread in reported values. This .adical- 
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E42. 


XkJ r Ct r ' 9 , e ? eC S t0 ha ? negHglble temperature dependence, which is consistent with the 
independent He ^ ° f 198?) ,n Wh ‘ ch the com P lications have been temperature- 

E40. Cl + N 2 0. This rate coefficient has been determined in a study of the halogen<atalyzed decomposition 

of nitrous oxide at about 1000 K by Kaufman et al. (1956). The largest value reported was 10-17 cm 3 

XX V W1 J “ activation ener gy of 34 kcal/mol. Extrapolation of these results to low 
temperature shows that this reaction cannot be of any significance in atmospheric chemistry. 

E41 ' ReCCnt StU n eS haVe Signif]cant] y im P roved the database for this rate constant. The 

discharge flow-resonance fluorescence study of Abbatt et al. (1989) provides the first reliable data on the 
temperature dependence. The laser photolysis-LMR study of Chasovnikov et al. (1987) provides rate 
for each Cl atom spin state, and they attribute the low value reported by Nelson and Johnston (1981) 
in a laser flash photolysis-resonance fluorescence study to reaction of the Cl 2 P 1/2 state. Adsorption 
and decomposition of C1NO on the walls of their static system may account for the ver, low vX of 
Gnmely and Houston (1980). The results of Clyne and Cruse (1972) in a discharge fWresonance 

temn!rT Ce lower than a11 recent results. The recommended value at room 

temperature is the mean of the values reported by Abbatt et al. (1989), Chasovnikov et al. (1987) Nesbitt 

stedmon <1982) - The — " — -*—2- 

CIO + O. Recently there have been five studies of this rate constant over an extended temperature ranee 

fl qgi 8 Va 7u y ° ft ® chnl< l ues: Leu (1984b); Margitan (1984b); Schwab et al. (1984); Ongstad and BirL 
(1986); and N.cov.ch et al. (1988). The recommended value is based on a least squares fit to the da te 

BirkI (1984) StUdieS ^ m tde earher studies of Zahniser and Kaufman (1977) and Ongstad and 

sitmifi 198 h \ Vt i! UeS re . porU,d ln the earl >* studies of Bemand et al. (1973) and Clyne and Nip (1976b) are 
significantly higher and were not used in deriving the recommended value. Leu and Yung P (1987) were 

unable to detect 0 2 ( I) or 0 2 ( A) and set upper limits to the branching ratios for their production of 4.4 x 
10 and 2.5 x 10"^ respectively. 

CIO + NO The absolute rate coefficients determined in the four discharge flow-mass spectrometric 

MacRoUrt7l980)1 ^ “ n< ! ° eM ° re (1978) - Ra * and Watsoa (1981a) and Clyne and 

n discharge flow laser magnetic resonance study Lee et al (1982) are in 

excellent agreement at 298 K, and are averaged to yield the preferred value. The value reported by 
Zahniser and Kaufman (1977) from a competitive study is not used in the derivation of the TeXed 

DeMor?(W78) and Lee^et aX ^ m ^f nRudeS ° f the tGm P erature dependences reported by Leu and 
„, M ! (1978) and Lee et al. are in excellent agreement. Although the E/R value reported by Zahniser 

XX™ (1 f 77) ,S m fair ■ cement with the other values, it is not considered asTis deXZI 
least ! value assumed for the Cl + 0 3 reaction. The Arrhenius expression was derivedfrom a 

£ Xl. rePOrted by CIyne and WatSOn ’ LeU “ d ** - Watson, Clyne 

09871 N °t>. ^ reC ° mmended value is based on resu lts reported by Cox et al. (1984a) and by Cox et al 

ClONOo T ^ u 5 ° f thiS reaCti ° n - B ° th StudieS USed the modulated photolysis of Cl 2 + 

uncert, * ti • “T' 1*1 ** StUdy ® Sma11 tem P erature dependence is reported, but because of 
uncertainties in the data a temperature-independent value is recommended in this evaluation. 

CIO + H0 2 . There have now been five studies of this rate constant. Three were low pressure discharge 
ow s u les each using a different experimental detection technique (Reimann and Kaufman 1978- 

(Burrows^nd Cox 1980 aX’’ ^ Qnd tW ° We '’ e molecular modulation studies; at one atmosphere’ 
rrows and Cox, 1981), and over the pressure range 50-760 torr (Cattell and Cox, 1986). The 298 K 

values reported, in units of 10’ 12 cm 3 molecule* 1 s' 1 nra- 8 8+n cm* , T . 

4. i I a t? i n / t i moiecuie s , are. d.8±0.5 (Reimann and Kaufman) 6.3±1 3 

P j ak), 4.5±0.9 (Leek et al.), 5.4 (Burrows and Cox), and 6.2±1.5 (Cattell and Cox) The 

recommended value is the mean of these values. The study of Cattell and Cox over an extended 

that S fh e rSnge W en eal ^ blned wth results of the low pressure discharge flow studies seems to indicate 
that this reaction exhibits no pressure dependence at room temperature. The only temperature 
dependence study (Stimpfle et al.) resulted in a non-linear Arrhenius behavior. The daXere lst 
described by a four parameter equation of the form k = Ae^T + CT n possjb]y suggestjng ^ twQ 


E43. 


E44. 


E45. 
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E46. 


E47. 


different mechanisms may be occurring. The expression forwarded by Stimpfle et al. was 3.3 x 10' 11 
/ 850/T) + 4 5 x io-12 (T/300)- 3 - 7 . Two possible preferred values can be suggested for the temperature 
J i (a) an .sprs ssion of th, form suggested b, StimpH. a. al„ bu, when. .he ,.lue. of A and 
C Ze adjusted to yield a value of 5.0 x 10-12 at 298 R. or (b) a simple Arrhenius expression which fits the 
H obled a. al Mow 300 K —ed to A0 x 

tdiM (298 K>, respectively, on k 2 /k. Burrows and Co, report on upper hunt of 0.3% for 1.2* at 
K. 

|-15 cm 3 molecule'*- s"* for k at 298 K 


E48. 


E49. 


CIO + H2CO. Poulet et al. (1980) have reported an upper limit of 10 
using the discharge flow-EPR technique. 

shght'neg^ti ve ° ^ ^aWO^SiO.^l^Hil^s 1 ^^ Howanl to .86K> U 14); 

indeed zero. 

670 K. The Arrhenius expressions were estimated based on this 

CIO + CIO There are three bimolecular channels for this reaction: CIO * CIO -> OCIO e Cl (ki), 

CO -a C, a ClOO <k 2 k and CO r CO * .Og* 

“udie”of cCTnd^ “cot” K> Clyn, Li White <1971, and dyne et ah (1975). Note that the rate 

jsr; 

with CO or decomposes to give the some 'photosensitized 

product branchingjatto^ ^bave been^d ^ co „„ rning t h. need for some react, on 

ofthTc°20 2 complex in order to account for the strong temperature dependence of the ozone quantum 
lid and also concerning the possible role of CIO complex formation with 0 2 and subsequent rear .on. 
of the C10-0 2 complex. The equilibrium constant for formation of the C1 2 0 2 dimer is given in a e . 

E50 CIO + O3 There are two possible channels for this reaction: CIO + O3 — ► ClOO + 0 2 (ki), and CIO 3 
' OCIO + 02 (k2). The recommended upper limit for k X at 298 K is based on results of the recent study 
by Stevens and Anderson (1990). These authors also report that k* = (4*2) x 10^ cm 3 molecule' r at 
413 K. These data can be combined to derive the Arrhenius parameters A = 2 x 10 cm molecule s 
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W d ff r 3 i°° K The Upper ,imit for k 2 is based on results reported by DeMore et al (1976) and 
Wongdontn-Stuper et al. (1979); the Arrhenius parameters for k 2 were estimated } 

E51. CIO + CH 3 0 2 . There are two possible channels for this reaction: CIO + CH 3 O 2 ClOO + CHoO n, t 

ZZSZttr™ * CH3 ° ^ M ° re <"“> - ■«* 

JLJJ ^2 ™xtures “ >' >320 om. with products monitored by UV.VIS and FTIR absorption 
lx 10 15 3 “"ri 8 JT !T U ** 200 K W ' re k l< “ - 10- 12 cm3 molecule- ■ ,.i and 

by Simon et ah 0989) ('which w h 7 preferred over the low temperature value suggested 

result, provide more direct informal ,h ' new * r 

E52 ^wL«:i^98,T^l„T U TT M V °'“ “ th * ° V " ag ' ° f th * ™P«<«I by 

Lin dim Sil tl^^ (1983S) ’ *" d ^ «" d 

determined that the exclusive products are Cl + HOC1. * g ’ 3nS ** * ' Loewensteln and Anderson 

studies^ by mS?m ‘ TaT.TlI^^^ an^R *• ^ ^ ^ data rep0rted in the recent 

particular attention was paid to thT determ fnat ’on of the"! W*™ * (1985b) ' In these studies 

spectrophotometry. Earlier studies 7^^? ° ^ W a " d IR 

Zellner (1974), Ravishankara et al. (1977a) ^ Lck efal ( 97 7 f H / I ° 974) ’ Smith and 

Saf“:ta,u'‘ '“** “* 

E " raU^mi^n/at 1 ro^^em^rature U to tie^n th^r^g ” O^^'o'fl)^ jo03^ ^i*?!* 1 * ** ^o 

zs5S3S3gg2is3s^& 

EK Hi:S' E v?„~ 

Results of a new study by Taylor et al (1989) ov™”?!, 3 I 381 sqUares fit to the data below 400 K. 
agreement with the recommendation T wT K 3 " *“ *°° d 

temperatures are substantially lower than the recommendation. extrapolated to stratospheric 

E56. OH + CH 2 C12. The data of Howard and Evenson (1976a) Perry et al (1976) n a vi a f 1 <ianc\ , 

expression 298 K. Result, of a new «udy ty ^XltToS fr “ m tha 

are in reasonable agreement with the rppiIp„J r 1989 tH tem P erature range 298-775 K 

stratospheric temperatures. 3 103 3 r00m temperature and when extrapolated to 

E5? ^cuLy 1 Se Oh! CH f /OH d lol? ° btained usin & on] y Solute rate coefficient data. The 

agreement and were used to determine the preferred values The urfw f A (1982) "" g00d 
derived from a least squares fit to the data below 400 K Results Jl f f Arrbenms expression was 
over the temperature range 295 775 K nrx» • d esults of a new study by Taylor et al. (1989) 

t.mps,a,„p« P but^ v.2 ext™'oIl.L ^ to , g °? T” m “‘ * ith ‘ he "commendation at room 
recommendation. extrapolated to stratospheric temperatures are higher than the 

EM 2" «;d“« z mz: r r, tempera r •. 

y y et al - (1976a) - The value P ven there has been increased by a factor of four 
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E59. 


E60. 


E61. 


E62. 


. Kor nfNO molecules oxidized. The recommendation is compatible 

to allow for uncertainties in the num , „ j j Evenson (1976a) and Clyne and Holt 

factor was estimated and a lower limit for E/R was denved. 

OH + CFClq The A-factor was estimated, and a lower limit was derived for E/R by using the upper 
hmitCtfd for the rate constant by Changed 

Jox“ »i”oir&b). None of the invcstinator. reported «n, evidence for 

reaction. 

OH + CFoClo. The A-factor was estimated, and a lower limit was derived for E/R by using the upper 
limit reported for the rate constant by and EveSTvGa), 

reaction. 

OH + CHFClo (HCFC-21). Absolute rate coefficient data for this reaction have been ^ , 

end Even.on »976a>, Per^ e. 1. (1976.), Watson et .1.0977), “J 
Hoi. (1979b), Paraskevopoulos et .1, dSved Iron, a fit to all 

established and there have been no new (1979b) which have a significantly larger 

rp.^Xndrir.,r^ - ~ -•* - 

consistently larger than those obtained in all other studies. 

OH + CHFoCl (HCFC-22). Absolute rate coefficient data for this reaction have been reported by Howard 

OH * OHoFCl (HCFC-31) The data for this reaction are in excellent agreement. The rec °™™ e " ded 

Arrhenius expression was derived from the room ^'‘“^^^.1 W»,S^ 
Paraskevopoulos et al. (1981), and the temperature dependence data of Watson al. U h 
and Zellner (1978) and Jeong and Kaufman (1982) below 400 K. 

OH + CH 3 CCI 3 . The k(298K) recommendation is based on absolute rate rtudies of Mukdtar et d- 
(1992) and Finlayson-Pitts et , a l')lf^^' in^^e^hb^ a lower 
k^^^^^and^^^than^was 6 reported i Pearlier studies: Nelson et al. (1990a), Jeong and Kaufman 
(1979), and Kurylo et al. (1979). 

OH + CHCI 9 CF 3 (HCFC-123). The preferred rate expression is derived from the temperature 
400 KofNielsen ,<19911 Gierc.ak 
(1979), and the room temperature dab, of Howard and E v.mnm dateof Broj^ ^ ^ 

and Clyne and Holt (1979b) were not considered. The recommended valu 298 
temperature dependence expression. 

E 66 . OH + CHrC, 1^3 (SCFC-W4h The^refen’e^jraU expression ^s^iei^r*d^from^the^temp«ratur*^ 

ir"“ nln' SSLT S-°— S value of k 2 9 S U drived from the temperature 
dependence expression. 

Ffi 7 OH + CH 9 CICF 0 CI (HCFC-132b). The recommended temperature dependence was denved from the 
OH + OH 2 C 1 C 12 U (H ^ thege authorfl for the presence of alkene 

preferred value of k 2 98 was derived from the recommended Arrhenius expression. 


E63. 


E64. 


E65. 
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E68. OH + CH2CICF3 1 (HCFC-133a). The temperature dependence of the preferred rate expression was 
derived from the data of Handwerk and Zellner (1978). The recommended value of k 298 is the average 
of the values of Howard and Evenson (1976b) and Handwerk and Zellner (1978) adjusted to 298 K The 
data of Clyne and Holt (1979b) were not used in deriving this recommendation. 

E69 ‘ The preferred rate ex P ress ion is significantly different from that in 

NASA (1990) due to the recent data of Talukdar et al. (1991a) and Zhang et al. (1992a). The above review 
was based on the results of Liu et al. (1990) and the preliminary data of Talukdar et al. which showed 
noticeable curvature in the Arrhenius plots. The reaction rate at the lowest temperature being so slow 

detSn " v afT t ed * ? mpU r* ieS - 1116 U8C ° f h ^er-punty samples and improved OH 
detection sensitivity in the studies of Talukdar et al. and Zhang et al. resolved the problem of 

! neW re8UltS imp,y an Afactor which is more consistent with similar H- 
^ t by °, H ', The tem P erature dependence expression is derived from the data of Zhang et al 
1992a) Liu et al. (1990) at 330 K and above, and the data of Talukdar et al. above 253 K £ 

ite P c e o r nlL re i dePe ^ l en r ta ° f Brown et al - (1990a ) were not considered because the relatively large 

T 8U f eStiVe ° f Sample impUritle8 ' ^ recommended value 
01 *298 is Obtained from the temperature dependence expression. 

E70. OH + CH3CF2CI (HCFC-142b). The recommended rate expression is derived from a fit to the 
temperature dependence data of Geirczak et al. (1991), Liu et al. (1990), Watson et al. (1977) Handwerk 

^l^n Tl976bi ’ ^ *** °^ Zhang , et aL (1992a) and the room temperature data of Howard and 

Hofr mVon/ ^ > Paraakev «P°^ ®t al. (1981). The data from Brown et al. (1990a) and Clyne and 

Holt (1979b) were not considered. The value of k 2 98 was derived from the rate expression. 

E71 ‘ ? H + f F3 ° m ^ HCFC_225ca) - The preferred rate expression is derived from the temperature 

ependence data of Nelson et al. (1992) and Zhang et al. (1991). The data of Brown et al. (1990b) were 
ignored. The recommended value of k 298 is obtained from the temperature dependence expression. 

E72. OH + CF 2 C1CF 2 CHFC1 (HCFC-225cb). The preferred rate expression is derived from the temperature 
dependence data of Nelson et al. (1992) and Zhang et al. (1991). The recommended value of k 298 is 
obtained from the temperature dependence expression. 

E73 ' Th# preferred ra * “ drived from the Umporotor. 

r nd T“ V* °f NeUon et (1992) ' ^ recommended value of k 298 i. obtained from the 
temperature dependence expression. 

E74. OH + C 2 C1 4 . The Preferred value at 298 K is a mean of the value reported by Howard (1976) and Chang 
and Kaufman (1977a). The value reported by Winer et al. (1976), which is more than a factor of 10 

ftri a990WeDort a? 16 Arrhenius Parameters are those of Chang and Kaufman. Kirchner 

and A^h!n ,” P T m emperatUr ® rate C ° nstant in g°° d agreement with the recommended value 
and Arrhenius parameters in reasonable agreement with the recommended values. 

E75. OH + C2HCI3. The preferred value at 298 K is a mean of the values reported by Howard (1976) and 

(1976? iTa fUT ( 9 19?7a) - Val , ue derived from a relative rate coefficient study by Winer et al 

wlu! at 298 K ThI ~Arrh ° ther k valu J es and is not considered in deriving the preferred 

value at 298 K The Arrhenius parameters are based on those reported by Chang and Kaufman (the A 

factor is reduced to yield the preferred value at 298 K). Kirchner et al. (1990) report a room temperature 
rate constant and Arrhenius parameters in reasonable agreement with the recommended values. 

E76. OH + C1N0 2 . The recommended value is based on results of the direct study of Ganske et al (1991) 

“T g .i he dlschar g e How-resonance fluorescence technique. Mass spectrometric studies showed HOC1 
to be the major product with no evidence for production of HON0 2 or Cl 2 . 

E77. OH + C10N0 2 . The results reported by Zahniser et al. (1977) and Ravishankara et al. (1977b) are in 
good agreement at -245 K (within 25%), considering the difficulties associated with handling C10N0 2 
The preferred value ,s that of Zahniser et al. Neither study reported any data on the reaction products 
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E78. O 4 HC1. Fair agr«men, « ^!XmI of 

r“^«Tv^ 

expressions), but these are a factor o ower ranging from 2260-3755 K. The preferred value 

rnri - • H “ k rt 

al. and Singleton and Cvetanovic but not those reported by Balakhnin et al. 

E79. O + HOC1. There are no experimental data; this is an estimated value based on rates 
reactions with similar compounds. 

E80 O » C10N02 The result. reported by Molina at al. (1977b) and Korylo (1977) are in good V™"*- 

■ and thi a data ha. ^en u ^ ^^1=^ 

Ravishankara et al. (1977b) at Z4t> is. is a iacto e . y nresence of NO 9 as a reactive 

(1981) is in good agreement with the recommended value. 

F81 O + CI 9 O The recommendation averages the results of Miziolek and Molina (1978) for 236-295 K with 

fhe derivation of the preferred value due to data analysis difficulties in both studies. 

E82. 00,0 4 O. Tha recommended value is based on results htSTb^hS tSus 

Ovar tha temperature range from 400 K ^ 240 K ' • h “^““J r ' n X llpt cha ’ g< , to . nag.ti.a 

expression, but at lower “^^"“^^hetilue measured ia a factor of 3 higher than that calculated from 
temperature dependence. At 200 K the j. R tndv (Toohev Avallone, and 

rrra.«r^ 

depen^e^ce^over^hirte^i^^turerange^^rted by Gleason et al’. (1991), these auth^sreportanega'i ve 

experimental data over the pressure range 20 - (a factor of 5 higher than the 

(1973) which provided the basis for the previously rec (1990) and 

(1992). 

E83 OCIO ♦ On Tha recommandad volua is based on results ovar tha temperature rang, 262-296 K reported 
by Wongdontri-Stuper at al. (1979). Within the indicated uncertainty limru ,t also encamp..... the 
somewhat lower room temperature result of Birks et al. (1977). 

Eg. OCIO . OH. Tha recommended value is that reported by Poulat et al. (1986b), tha only -reported I .tudy of 

EM ' EL constant using a dischorpe n.w systamin 

sp^lX. The branching ratio for the channel t. produce HOC! 4 0 2 was datemin.d to be dose to 
unity, but experimental uncertainty would allow it to be as low as 0.80. 
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E85 ' an C dW + atso°n eXpreSSi ° n Was estimat * d based on 298 K data reported by Bemand, Clyne 

BSe. CI 2 O 2 + 0 3 . The recommended upper limit is that determined by DeMore and Tschuikow-Roux (1990) 
t refers to a temperature of 195 K and while the reaction possibly could be faster at higher temperatures 

hi6her — “ ->»*— SZSSi 

E87 ' ,a that dalerminad by Wad ' <priv *‘* '“i- 

E88 ' DPEPR 0 ^ k h ‘ r ““ nded “M” limlt is th »* ™P°rt«d t* Mellouki et ,1. (1989) in . study using 
DP-EPR techniques. This upper limit shows that this reaction is of negligible importance in 

Sl p lz%?:rs, s rTn 1 ;? 1 lo r; up r r iimit ' b - b *» "■*««* * <*>«£» « ZmZ z 

(333-473 K). ’ Uer StUdy ° S ° reports Arrhe mus parameters at higher temperatures 

E89. HC1 + C10N02. Recently, results of four studies of the kinetics of this system have been published in 
which the following upper limits to the homogeneous bimolecular rate constant were reported- 1 x 10-19 

™r 7 h ' ,« 7 8 S T WalMeSS '"I A Path UV abs ° rption technique a " d • steady-state (low 

7 8 6). andTr OS" 3 * ^ 1985); 5 X 10 3 fl ° W ^ ** ™R analysis (Fried! et ah, 

1986), and 8 4 x 10 using a static photolysis system with FTIR analysis (Hatakeyama and Leu, 1986 

and Leu et al 1989), and 1.5 x 10-19 by FTIR analysis of the decay of C10N0 2 in the presence of HC1 in 

ffirks’It Taa™ 1 had d 5800 t l?"? ? n ° n ° r Teflon - coated chambers (Atkinson et ah, 1987). Earlier 

furfacfs 4! differl7 t)T g T*" Hmit ' A " Studies found this taction to be catalyzed by 
differences in the reported upper limits can be accounted for in terms of the ve™ 

faction il T, !l Char3Ctenstles and detection sensitivities of the various studies. The homogeneou^ 
reaction is too slow to have any significant effect on atmospheric chemistry. g 

E90 Leu et al^S' ^ limit “ r6SUltS ° f Statk P hot °lysis-FTIR experiments reported by 


E91. 


E92. 


E93. 


E94. 


H 20 + C10N0 2 . This recommendation is based on the upper limits to the homogeneous bimolecular 

Timfi 68 V akeyama and Leu - usln S a static photolysis system with FTIR analysis derive a 
ar upper limit. Rowland et ah (1986) concluded that the decay they observed resulted from raoid 

255SMT Th ‘ homogan ““ s r,act,on ia - !,J - hove 

S^re°r.n c e^30 4TK“ d * d Va '” ^ °" “ 0,t ’ r *' >or '« l bp D ”S"°" « *>' («»» for the 
technique. Measurement of Z, 

atom^ rSdlCa Pr ° dUCed (CF 2 C1 °) decomposes spontaneously to yield a carbonyl (CF 2 0) plus a Cl 

CFCI 2 O 2 + NO. The recommended value is based on results reported by Dognon et al (1985) for the 

tec m h P nteue Ur it range 23 r 3 ° K> USing 8 PUlS6d laSCr Ph ° tdysis * “me resolved 
0 984 1 * 1 M 18 m g °° d ^f[^ ement Witb tbe r00m temperature value reported by Lesclaux and CaralD 
(1984) Measurement of N0 2 yields by Dognon et ah showed that CFC1 2 0 and NOo are “ S 

radital proda “ d <cfo,20) d — 

Zpom^rran^SO 4rK d,>d ValUe “.Tf ° n r “ U,t * f'- 0 ""* bp (1986) for th. 

temperature range 230-430 K, using a pulsed laser photolysis - time resolved mass spectrometry 
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PI. 


F2. 


F3. 


F4. 


F5. 


F6. 


F7. 


F8. 


F9. 


technique It is in good agreement with the room temperature value reported by Ryan and Flumb »(19M). 
Measurement of N0 2 yield, by D. e no„ et al. ehowed that CCI3O and N0 2 

alkoxy radical produced (CCI3O) decomposes spontaneously to y.eld a carbonyl (CC1 2 0) plus a Cl atom. 

Br + O3. The results reported for k(298 K) by Clyne and Watson (1975), Leu and DeMore (1977), Michael 
et al (1978) Michael and Payne (1979), and Toohey et al. (1987b) are in excellent agreement. The 
preferred value at 298 K is derived by taking a simple mean of these five values. The 
deoendences reported for k by Leu and DeMore and by Toohey et al. are in good agreement, but they can 
consid Sed to be in fair agreement with those reported by Michael et al. and Michael and Payne. 
The preferred value was synthesized to best fit all the data reported from these five studies. The new 
results of Nicovich et al. (1990b) are in excellent agreement with this recommendatio . 

Br . H 2 0, Th. recommended upper limit to the vnlu, of the rate constant at room temperature i. barted 
„„ results reported in the study by Toohey et al (1987) using a discharge flowdaser magn£. re»„.n« 
technique Their upper limit determined over the temperature range 298-378 K is consistent with less 
sensitive upper lignite determined by Leu (1980a) and Po*y <>t al. (1981) 

spectrometric technique. The much higher value reported by Heneghan and Benson (1983) y 
from the presence of excited Br atoms in the very low pressure reactor. The pre-exponential factor 
chosen to be consistent with that for the Cl + H 2 0 2 rate constant, and the E/R value was fitted to the uppe 

limit at 298 K. 

Br + H 2 CO. There have been two stud.es of this rate constant as a function of temperature; Nava et ah 
(1981) 2 using the ilash photolysis-resonance fluorescence technique, and Poulet et ah (1981), using the 
discharge^ flow mass spectrometric technique. These results are in reasonably good agreement The 
Arrhenius expression was derived from a least squares fit to the data reported in i these two studies, 
higher room temperature value of Le Bras et ah (1980) using the discharge flow-EPR technique has be 
shown to be in error due to secondary chemistry (Poulet et al.). 

Br + H0 2 . This recommendation is based on results obtained over the 26 u °f ^ K te™P^ature r^in 
the recent study by Toohey et ah (1987), using a discharge flow system with LMR detection of H0 2 y 
in excess Br. The room temperature value reported in this study is a factor of three higherthan that 
reported by Poulet et ah (1984b) using LIF and MS techniques and is an order of 

the value of Posey et al. (1981). The uncertainty in E/R is set to 3™ paS8 ^ he ( ^ usi " dF-EPR 
other radical-radical reactions. A new value determined by Laverdet et ah (1990) using 
techniques is in good agreement with this recommendation. The reactions of Br atoms with H 2 2, 
HCHo! and H0 2 are all slower than the corresponding reactions of Cl atoms by one to two orders 

magnitude. 

Br + C1 2 0. The recommended value is that reported by Sander and Friedl (1989). It was derived by 
observing the formation of CIO using long path UV absorption following the flash photolysis o a r 2 - 

CI2O mixture. 

Br + OCIO The recommended value at room temperature is the mean of the values reported by Clyne 
and Watson (1977) and Toohey (1988). In the earlier study correction for the effect of the rapid reverse 
reaction was required. The temperature dependence reported by Toohey (1988) » accepted but with 
increased error limits. 

Br + C1 2 0 2 . The recommended value is that determined by Friedl (private communication, 1989) in a 
study using a DF-MS technique. 

BrO + O. The preferred value is based on the value reported by Clyne et al. (1976) This value appears 
to be quite reasonable in light of the known reactivity of CIO radicals with atomic oxygen. The 
temperature dependence of k is expected to be small for an atom-radical process, e.g., O + CIO. 

BrO + CIO. There has recently been a substantial improvement in the database for this ra^ coefficient. 
Friedl and Sander (1989) using DF/MS techniques measured the overall rate constent over the 
temperature range 220-400 K and also over this temperature range determined directly 
ratios for the reaction channels producing BrCl and OCIO. The same authors in a separate study using 
flash photolysis-ultraviolet absorption techniques (Sander and Fnedi, 1989) determined the overall 
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^K^ndMa K e th tem h Pera l Ure m T f°Z°, K and PrCSSUre range 50 - 750 torr and determined 
at 220 K and 298 K the branching ratio for OCIO production. The results by these two independent 

techniques are m excellent agreement, with the overall rate constant showing a negative temperature 
dependence. Toohey and Anderson (1988) using DF/RF/LMR techniques reportedLom temperature 
values of the overall rate constant and the branching ratio for OCIO production. They also found 
DF/MSt or the dlrect pro duction of BrCl in a vibrationally excited n state. Poulet et al (1990) using 
fof t r00m o temp f-ture values of the overall rate constant and brancWng US 
thn r ^ B ^X 0dUC10n - 0vera11 room temperature rate constant values reported also include 
those from he DF/MS study of Clyne and Watson (1977) and the very low value den^d in" h e flLt 
photolysis study of Basco and Dogra (1971b) using a different interpretation of the reaction mechamL 
The recommended Arrhenius expressions for the individual reaction channels are taken froTthe 
study of Fnedl and Sander (1989). This study and the very recent study of Turnipseed etal(lLla) 
contain the most comprehensive sets of rate constant and branching ratio data Se overa!l rite 
nstants reported in these two studies are in good agreement (20%) at room temperature and in 
excellent agreement at stratospheric temperatures. Both studies report that OCIO production by channel 
( vi Tal w ® ° f tbe overa]1 reaction at 200 K- Both studies report a BrCl Peld by channel (3) of 

thebld^/P ladepe , ndent of temperature. The recommended expressions are consistent with 

the body of data from all studies except those of Hills et al. (1988) and Basco and Dogra (1971b). 

p 1 * 0 + J* 16 r ®® alts of tbe three low pressure mass spectrometric studies (Clyne and Watson 1975- 

Ray and Watson, 1981a; Leu, 1979a) and the high pressure UV absorption study^Watson et al 1979a)’ 

r at 

exhibit any observable pressure dependence between 1 and 700 torr total pressure. The temperature 
Xt/jr B °“ C '° ° nd H ° 2 »»d are ZS in 

BrO + BrO. There are two possible bimolecular channels for this reaction: BrO + BrO -> 2Br + Oo (ki) 

^ r2 + ^ 2 ^2)- ^ be tota l rate constant for disappearance of BrO (k = ki + ko) has been 

1970af IZrTn ° f t6ChmqUeS ’ indUding diSChargC flow-ultraviolet absorption (C yne Ld C-- 
1970a), discharge flow-mass spectrometry (Clyne and Watson, 1975; Turnipseed et al 1990 

WaTsL 1981bf ^iTce th^ phot ° lysis - ultravialet absorption (Basco and Do^ra, 1971b; Sanded and 
Watson, 1981b). Since this reaction is second order in [BrO], those studies monitoring [BrO] by 

ultraviolet absorption required the value of the cross section o to determine k. There is substantial 

SETT* r - P °L ed ValU6S ° f Alth ° Ugh the ma gnitude of a is dependent upon the particular 

pectral transition selected and instrumental parameters such as spectral bandwidth, the most likely 

explanation for the large differences in the reported values of a is that the techniques (based on reaction 

° in tHe Carly StudieS Were used ^correctly (see discussion by Clyne 
and Wa son) The study of Sander and Watson used totally independent methods to detorLne Se 

values of a and M0. The recommendations for ki and k 2 are consistent with a recommendation of k 

= 1-14 x 10*1^ exp(+255/T) cm3 molecule'* s'*. This temperature dependence is the average of the 

3^ r !T L nd T and WatS ° n and fr ° m Tu 0 rnipseed et al - «nd the pre-exponential factor 
has been chosen to fit the value of k(298 K) = 2.7 x 10*12 cm 3 molecule -l 8 -l ( which ig the a of the 

values reported by Clyne and Watson (the mass spectrometric study where knowledge of a is not 

STre w ’ ^ S h n<ler m d WatS ° n ^ lat6St absor P tion study) by Turnipseed et al. and by Lancar et al 

Sx et aT agSTused the reSS 7 e ^ 5 ° t0 475 torr in the stud y Sander and Watson: 

temnfraf ‘ ^ ^ olecular modulation technique with ultraviolet absorption to derive a 

here 6 6Penden Va U6 ° f k2 wh,ch is 50 percent greater than the 298 K value recommended 


The partitioning of the total rate constant into its two components, ki and k 2 , has been measured at 
room temperature by Sander and Watson (1981b), Turnipseed et al. (1990) and Lancar et al (1991) bv 
Jaffe and Mainquist (1980) from 258 to 333 K, and by Cox et al (1982) from 278 to 348 K An ’ Y 
agreement that k,* . 0.84 ± 0.03 a, 298 K. In the temp.natnre SS.lTdS’uS Quantum jeM^ 
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th . bromine photosensitired decomposition - cron, 

strong, unexplained dependence ol the quantum oneld at 298 J? “ of resu)u dimcult. 

expression for k 2 result, from the numerical ™ k " ^dy Vauldin. Wahner, 

evaluation of these expressions for k X and for k = (ki + k 2 ). In a . very recent ^ ^ pre8gure 

and Ravishankara, private communication) t e overa ra ^ absorption feature was observed 

dependent at 220 K, at which temperature an additional, short-lived, absorption 

and was tentatively attributed to the dimer Br 2 02 . 

F12 BrO + O 3 . Based on a study reported by Sander and Watson (1981b). Clyne and Cruse r 

' upper limit of 8 x 10'“ cm» molecule'* s'* for this reaction. Both stud.es ”^^ 3 ^ “j 
evidence for this reaction. The analogous CIO reaction has a rate constant of < 

si. 

F13. BrO + H02- The preferred value is based on the study ° f P ° U ^ et g^oBr^wTvI^the p^fble production 
H0 2 was monitored by DF/MS. The only product obi lerved v ^^™ P itudy £ Cox and 

of HBr requires further study. These ne * ^ ^ which a much lower value (factor of 6 ) was 
Sheppard (1982) by molecular modulation- a so P , nnaloffv with the CIO + HO 2 reaction, 

reported. The temperature dependence is our estimate, based on analogy with ciu 2 

, , . , „„ w : t u Vfcio + OH) due to the absence of any experimental 

F14 BrO + OH. Value chosen to be consistent with )> 

data. 

OH . Br 2 . The rocommendcd room temperature ^ 

” d determined that the exclusi.e 

products are Br + HOBr. 

OH . HBr. The preferred value at room temp, err atu re “ 

Ravishankara et al. (1979a) using FP- , y ou ^ ^ LFP-RF and LFP-LIF techniques. In 

(1984) using FP-LIF, and by Ravishankara et al in the s]ow How system by UV 

this latest study the HBr concentration was y re . investi g ation j s identical to the value 

absorption. The rate constant determi nQ 79 'il show no dependence on temperature over 

recommended here. The data of Ravishankara et al. ™ a T a X Husain et aU1981) are a 

the range 249-416 K. Values reported by Takacs and Glass (1978a) and by nusai 
factor of two lower and were not included in the derivation of the preferred value. 

OH + CHqBr The recommended value is derived from an analysis of results of the studies of Mellouki 
Howard and Evensen (1976a). 

W1 „ nH + fHFoBr New Entry. The recommended value is based on results of the direct study of Taluk dar 

F “- s. .1 fS using two techniques: pulsed laser 

flow-LMR detection of OH. These results are preferred over the consistently higner 

al. (1990b). 

F19 OH ♦ CF 2 Br 2 The recommended upper limit at room temperature is the upper limit reported by 
Burkholder et al. (1991) in a study us.ng pulmrd photolysis-LIF and DF-LMB techniques. 

„ ,, H , ..p„ ClRr The recommended upper limit at room temperature is the upper limit reported by 

Burkholder e, a, a99» in . study using pulsed photolysis-LIF and DF-LMB techniques. A less 
sensitive upper limit was reported by Clyne and Holt (1979a). 


F15. 


F16. 


F17. 
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P2L Bu^df « «?:rr,r: d : d ; pp ” Iimit , at /T u PP „ ^d by 

F22 ’ R H iX C i^ 2Br ^ F ?^ r n The recommended upper limit at room temperature is the upper limit reported bv 
urkholder et al. (1991) in a study using pulsed photolysis-LIF and DF-LMR techniques. X 

° t n, Br i Res “ lts ofthe flash Photolysis-resonance fluorescence study of Nava et al (1983) for 221-4 V? K 
n n JJ r r ? a ? P hotol y sis - res °n a nce fluorescence study of Ni Jkh and W ne(1989)^ for SotS K 

these latter results. uncertainty at 298 K has been set to encompass 

F24 ' Snt,u«, Th< ’ r,e0n,n,end ' d Va,a . is lh “ t »y “allouki at al. (1989) i„ a e.udy using DF-DPR 

“■ mcan °TK he lower and apper limi,s * 

within the indicated uncertainty limits. ™ques. ese reported limits are encompassed 

F26. NO3 + HBr. The recommended upper limit is the upper limit reported by Mellouki et al 119891 in n 

.V7r.Z P herk 11*^7 “Sno^MaTa "rfllsr tha ' t ‘d S "f !? ° f “ gli ‘ !ibU tosportanoe 
axparimantal en-or. with the ^ " V “ ,U * WhiCh ” 

^ r ^ ie only experimental data are those reported by Wagner et al (1Q79^ TKn \/ai 4. u 

'i-w <»( the well-known nenc.lity of ItoTeh"^. To 3 ^ *° b * 

p.l« S™,: Heir.f rs TT ed the r “ u,ts rep ° rtpd * “*■»» *" d 

(iyo 9 ; being in excellent agreement (range of k heina oqqnvin-ll 3 1 , 1 1 

recommended room temperature value. chosen to fit the 

2 SE 

< “ d »r -o Heid, 2 r re sr £ w *‘7 - 

bTh^high'"'”" 11 by b ° th F °°" a " d Kaafman U975 > »"<> Jonas and Skolnik (1976). The A-flchTrTay 

G4 L^ysw^TaSr^ 

chemical conversion of fluorine atoms to deuterium f usl . ng a ‘hscharge flow system with 

n — Tb >» -'“a u i„ b ? = 


Gl. 


G2. 
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(1986) and Wallber and Wagner (1983, The latter aulh.r, SSSSSS 

the indicated uncertainty limits. 

G5. F a HNO 3 . The recommendation i. based on read... ^ 

(1988) and the room temperature results of Me J’ ou if Wine et al. (1988) was over the temperature 

at room temperature are in good agreement. Th study -of * J; J ion recomrnen ded here, 

. *. — 

of different mechanisms in the two temperature regimes. 

G 6 . NO a FO. This i, the value reported by Ray and W.h»» '“1° o^i." 

™“I.KSr^ h Te e Jpe'rSrSpendeLe of k for ft. an.l.gou. CIO and BrO reaction. 
(Table 1) are small and negative. 

G,. FO ♦ FO. The value of WFO 

manner than that of Wagner et al. (1 ), mrnended in this assessment is a weighted average 

complicating secondary reactions. it can ^ 8ee n that the dominant reaction channel is 

that pr^ud'ng 2F + 0 ^ 0 ^“ their debase i. no, .deep..* to conclude that thi. i. the only proce... 

r« FO + Oq The FO + 0 3 reaction has two possible pathways which are exothermic resulting in the 
G 8 . FO + O 3 . The t O + u 3 Although this reaction has not been studied in a simple direct 

1974b)", ^nd although tlm val^'^onnproduceddFOlcormumed iVom ^hT MperimentaWeaults^of 

accurately determined. Consent), it » ^^eiould ^attributed U> th. FO 

Starrico al. whether or « chain pr.p^ation «ep if the 

+ Ch reaction producing either r + ^ u 2 or r + l \ h . fo nr itself) Warner et 

resulting F0 2 radical preferentially react, with oxon. rather than with . ther FO F0 

al. utilized a low pressure discharge flow-mass spectrometnc sys m s u 

reaction, b, directly monitoring the time hi.tory of the J[ 

concluded that the FO * 0 3 reaction was unimportant in them ay.tea, . 

sr:=f.nr.-th=^ 

“-re- 

reported for BrO + O 3 . 

G9 the reactivity of' dependence of the rate constant 
is expected to be small, as for the analogous CIO reaction. 

G10 ' ^rL*' ,hfgi X »lhrion^ ?l,t,“; y ,?„d^°,"p“«d b> exhibit a etrong temperature dependence. 

Gil. OH + CHF 3 (HFC-23). The recommendation i. based on thr« data point.: l '“ r “ m 

of Howard and Evenson (1976a), and the 387 K and 410 Kpoints studie8 Because 

of Clyne and Holt (1979b) were not considered because of the large dispan y 
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G12. 


of experimental complications associated with the measurement of rate constants near 10*16 cm 3 
mo ecule s , the k 298 determinations of Howard and Evenson (1976a) and Nip et al. (1979) should be 

** - — ~ 

- r ved rrom 

it. of Howard and Evonaon (1976a) and Nip . 1 . 1 . (1979). Although the daU ofCvneTnd Hrft 7l979b) 
are eon., .ten wth the data from the other .t„di.„, , hi. etudy i. not included" Vh. u ™'‘ 

recommendation for k 298 is derived from the Arrhenius line. ^ ™ 

Gl3 GI 1 +GP J 3F (HFC ; 4 ^' J he te mperature dependence of the preferred rate expression is derived from the 
data of Jeong and Kaufman (1982) below 400 K. The recommendation for k 298 is derived from the 

Nip r e7i fl 979 ) r00m temperatUre data ofJeon S and Kaufman (1982), Howard and Evenson (1976a) and 

Gl4 ^L + of T ^ 2 k 8 3 ThC preferred rate expression is derived from the temperature dependence 

td DeMore C 1992^ Due to Ih F* r °° m temperature data ofMa rtin and Paraskevopoulos (1983) 
and Holt (1979b^nd^hos^irf^artm antU^raakevopoidos and^frkdar 9 e^^ U ^e a GyT^at^Holtdahi 

™TunSr; e :r. 2 ss 

G15 ' 

obtained by adjusting the 294 K value of Clyne and Holt (1979b) to 298 K. 298 

G16 ' n 2 ,n C H 2FC ,!? $? The pnremd ™ cx ' ,re “ i “" *“ ^-ed th. data of Giorctak ot .1 

and Clyne and Ho,t ,1979b, lore n^ZiS' ££££33 ^‘i'S.'SSSS 
from the temperature dependence expression. ODiained 

dependence was estimated. " Paraskevopoal ° s (W83). The temperature 

Talukdar^et^al 3 C^91a^ and^ ° n ' y J emperature dependence data for this reaction are those of 

oSSnTthj g COnS T ° r ' C1 ^ " d H ^ t( San?; thVtm^uTed btS 

LvS a «h*e h ; d nd , that of ° ther 

rssf,?jsr" is t derived fro,n - ,i; to °d^„d“ cTtn’Ki.^ 

value of k ~298 M “ rtin ” n<1 "commended 

G19. OH + CH 2 FCH 2 F (HFC-152). The preferred rate expression is derived by fitting an estimated 
temperature dependence to the room temperature data ofMartin and Paraskevopoulos (1983) 

G20 ' from th ' 

data of Howard and Even.on (1976b), Handwork and Zellner (1978 ' aid N p eJaWi™”) SlT'f 

frirdtrrreXr H “ , “ ,9TOb, - "“ t ““' dJd - 


Gl 7. 


G18. 
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G21. 


G22. 


HI. 


H2. 


OH ♦ CH 3 CH 2 F <HFC.16„. There .re no ^ ^ °^e 

temperature dependence ° f the recommen e expi CH3CHF2 reactions. The value of k298 

rtsr^C zz ™ ~ - -• <* ~> 85 1 ** ° f the 

abstraction by OH is from the this perhalogenated methylperoxy 

CF 3 0 2 + NO. The recommended value for the react on ^ temper ature range 230-430 K. It is 

“rr^pe— lue reported by Plumb and Ryan OW 

ha5e shown that N0 2 is the major product in this reaction. 

_ . f W9QS Ki and E/R are derived from a composite unweighted least squares fit to 

OH + H 2 S. The values of k(298 K) and E/R ^ Sheppard (1980), Wine et al. (1981a), Uu and 

the individual data points °f Perry et al. (197 ’ ). gg P Barnes et al (1986a), and Lafage et al. 

Smith ( 1982a), Michael et et al. 1985), Lin (1982), and Lafage et al. (1987) show 

(1987). The studies of Leu and Smith (1982a), L min i mu m occurring near room temperature, 

a slight parabolic temperature depen en evaluation , all data are fit reasonably well by an 

However, with the error limits stated in t discuss the results in terms of a two channel 

Arrhenius expression. Lafage et ah and Mic ■ . (adduct ) formation. Lafage et al. 

reaction scheme involving direct H atom abBtracfaon a P I 400K for the abstraction 

analyzed .heir results above tempera, urn by Weslenberg and 

channel in good agreement latter workers lie systematically higher (by about 70%), 

Jre^So iCr Lue measured by Stub, <~1- 

outside the 2 a error limit set for k(298 K). 

OH + OCS. The value of k(298 K) is an average of the 

(1987) and Cheng and Lee (1986). The room tempera ure ra discussed in the later studies, 

three higher than the earlier determination by Leu and Smith account for QH reaction 

this difference may be due to an overcorrection of the Leu an uncertainty factor at 298 
with H 2 S impurities and also to poss.ble regen ration of OH. Nevert^ , ^ 

K has been set to encompass the earlier study wi in q minimized complications due to 

(1987) supersedes the study of Ravishankara et aL 1“^*^ the experime nts of Atkinson et 
secondary and/or excited state reactions p v(298 K) reported by Cox and Sheppard (1980) is too 

.1- (1918) and of Kuryl. r "n ,fud“L Clm temperature measurement. of 
insensitive to permit comparison wth the m. pressure (or 0 2 partial pressure) 

«°nd Smi.h“a, though thl. difference may be due in part to the 
eaXr menlioned overcome, ion of the data b, the«e latter authors. 

Product obeereatioo. by Leu and Smith ^‘"r' 

tentatively confirm the suggestion of Kurylo ■ .nd w , P h „ t obs erved for the OH * CS 2 

re«Uon dU Howmver)^ et ah«ea=, a oTL* 1 0 2 /pressure effect for OH ♦ OCS is marked contrast with the 

strong dependence seen in studies of OH + CS 2 (see note H3). 

. „ ,, „ n ,i Howard (1989) have shown that oxygen atom exchange in the reaction of 

Experiments by Greenblatt and Howaid (1989/ nave 1Q .i5 set on the rate 

18qH with OCS is relatively unimportant, leading to an upp 

constant of the exchange reaction. 

OH * CS 2 . There i, a consensus of esperimenta, evidence that this reaction proceed, .very slow,, „ a 

direct bimolecular process. Wine etal. (1980) set “ “f* 9 go )for th e rate of direct 

molecule-1 ,-l. A consistent uppel^ ^lirmt us also p y « K rfthe bimolec ular process. This 

meiur'edby ^MkLto^ Ta978), Kuryb (19?8b), and Cos and Sheppard (1980, may be attributable to 


H3. 
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excited CS 2 (produced via the 350 nm photolysis) with Oo (in the T * T reactl °" of electronically 

as well as by the accelerating effort nf On ° ne atmos P^ ere synthetic air mixture) 

other workers ' „ * ? "““7 ^ Whkh haS ^ ^serve< 1 by 

* the tropospheric Er/^SS5r ^ “ 

BarnrsIrruTsaSaVdHynls et ll^SsTabn^th ^ ^ by Jones et aL UM 2 >. 

the latter two studies the elective Wmoleclr ralT f T "T ^ * **'* S ° 2 and 0CS In 

(O2 + N2) as well and exhibited an appreciably negative tLrZ** .° Und to 1,6 a functlon of total pressure 
are consistent with the formation of a loner r 11, pera ure dependence. These observations 

Laufer (1979) ^ * K ^° (1978b > a " d *»* and 


k a 

OH + CS 2 + M <-> HOCS 2 + M 
k b 


HOCS 2 + 02 Products 

Hynes et al. ( 1988 ), Murrells et al. ( 1990 ) Becker Pt noom a n w 

directly observed the approach to equilibrium in this r - K i’ 8 jo Bu atov et ak ( 198 8) have, in fact, 
study, the equilibrium constant was Measured « 17 “ Wuct f0rmation ' In the H ^ es et a >- 
HOCS 2 was calculated (-27.4 kcal/mole) A rearramr ° t °r ™ pe jf ure and the heat of formation of 
OCS and SH corresponds to the ^ ^ ^ 

measured the rate constant for this process in the ah* *77 , referred 10 earller - H ynes et al. (1988) 
to be < 8 x 10-16 cm3 11 T ° f ° 2 (at appr ™tely one atmosphere of N 2 ) 

value ofi* with” iTplM. o?2 "x‘ t 10 ; n 9 !!L and “T!!' 'T (I990) a « , “ 1 ult » «» the 
pressure. The effective second order rate constant for C<fo lndependant of temperature and 

can be expressed as 2 ° r removal m the above reaction scheme 


R e>* = ^t/K a KcXl/F02) + (l/k a Xl/P M ) 

where P 02 is the partial pressure of 0 2 and Pm equals P G2 + Pwo The validitv of tW« 

feature, of the data froT.il thtee T r ,T““ “ pr “ s, °"- Ne.erthele,., while the qualitative 
First, under similar conditions of 0 2 and Nodes’ there are ® ome quantitative inconsistencies, 
approximately 60% higher pressures the Barnes et al. rate constants lie 

Hynes et al. Secondly, two fits each of both the Barnes T 7 7^ ° f tW ° hlgber than those derived by 
fixed Pm and va^ng P 02 , and the oS at ff xed P 7 7 aL data «“> 1)6 ™ d * «ne at 

Within each data set rate c^nstante cluLeH f PM (Le -’ Varying added N 2>- 

°f °2 nea r 0-2 (equivalent to air) but disagree by more thanaVTiT I ? asonably Wel1 for mole fracti °ns 
0 2 system. Finally, the temperature dependence (from 264 " “ PU " 

vanes systematically from an E/R of 1 f>nn V f™. . 1 the k eff values from Barnes et al. 

•2900 K for experiment. T. 5^T If/™ ST T ° 2 “ 7 °° ^ *«“ ■>">»« »«> f 

d.ta (from 251 . 348 K) r.corded to eynth.tic tor at 690 toTyitod, n EM? 33 M TT T 
show marked curvature over the temperature range of stud v k V 33 °° ** althou « h the da ta 

may not be independent of the identity of M For this r ^ ° bservatlons 8U ^ est that k a and kb 
mixtures (i.e., P02^PN2 - 0 25) at atmocnK * ^ reason, we limit our recommendation to air 

atmospheric biundL toye r , S * „ ”tZ / P ?T t Si "“ most . ^ <■ »»^“d within ,h. 
atmospheric modeling. ’ ^ n0t ‘ mlt tbe app,lca bility of this recommendation in 
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Th. pm»n« reeommeudatlou accepts the 

most sensitive of the three investigations. Thus, k(298 K) is aen 
near room temperature. 


k(298 K) = 1.2 x 10' 12 cm 3 molecule' 1 s' 1 


To 


H4. 


. . . f „ tm . fr 2981 - 1 5 encompasses the results of Barnes et al. (1983) within 2a. 
of S 298 K we have accepted the ofHyne. eta,. 

k(T) . (1.25 X 10 ie exp(4550fT)l/(T ♦ 1.81 x 10' 3 exp(340WT)l 
This recommendation is on,, valid for one 

foTC-tme reactant removal approaches the elementary rat, 

constant for adduct formation. 

From a mechanistic viewpoint, the primary products .of reaction 

oxidation in air. Lovejoy et al. (1990a) have shown that the yuA* f obse 2 rvations sugge8 t that the 

near unity. Together with the earlier mentioned unity yield of OCS, these 

oxidation equation 

OH + CS2 + 20 2 -» OCS + HO2 + SO2 

describes this atmospheric system. Insight ^ to be the same as that 

study of Lovejoy et al. (1990b) in which k c or process These authors have also 

observations would be helpful in elucidating this reaction mechanism. 

O + H 2 S. This recommendation is de J> ved ^ n r^suS o^Slilgl^lt ll. (1978) show very good 
Singleton et al. (1979) and Whytock et al. {1976). The resu g systematically higher at 

agreement for E/R in th, tempenttur, cho “n m encompai th, room temperature 
every temperature. The uncertainty factor a , n q 70 x other than the 263 K data point of 

rateconstant values of Slagle et al below 298 K comes 

Whytock etal. and the 281 K point of Slagle et ., dramatic change in E/R in this temperature 

from the study of Hollinden et a ., w ic in 11 servat i ons . Such a non-linearity in the Arrhenius 

region. Thus, AE/R was set to account for aKctrartion (as written) to addition. An 

ptS migh, indicate a change in the reaction mecharn.m from £££%£ et al. (1978), 

addition channel (resulting in H atom ■ ^1% In the latter two studies, on upper limit of 20% - 
Singleton et al. (1979), and Singleton et al. ( )• nroduct HSO was made in the reactive 

placed on the displacement channel. Dmec ° avidson et al (1982). A threshold energy of 3.3 

scattering experiments of Clemo et al. ^ l \Z\^ Z-suVed ^n earlier studies) suggesting the 
kcal/mole was observed (similar to the activat on gy oroducts f rom this reaction have been seen 
importance of this direct displacemen ctaanah 200 - 300 K temperature 

iff thcse issues - However> thl8 

reaction is thought to be of limited importance in stratospheric chemistry. 

O + OCS. The value of k(298 K) is the average of J^^etennma^ons by Westenterg 
(1969a), Klemm and ! Stief ( 1974 ) Wei and ^mon ^ yalue taken from the first three listed 

£T52K. ^79) report that this reaction proceeds exclusively by a stripping mechanism. 

o . OB, The value of h(298 K, 

(1975), Westenberg and de Haas (1969a), blagle et ai. ti 


H5. 


H6. 


77 



Hedges (1970) Ho m an„ et a]. (1968), and Graham and Gutman (1977) The F/R v 1 • 

the determinations by Wei and Timmons and rv n v,„ j o / ‘‘ lhe value is an average of 

encompass the limited temperature data of Westenberg Tnd de h” 7116 AE/R haS been 8et 

are thought to be CS + SO. However Hsu et al 00701 % f 5 t Haas ' The Principal reaction products 
through a channel yielding CO + So and calculate a raT^ ° fthe reaction at 298 K proceeds 

with that recommended. Sraham ^ T A f ^ Pr0Ce88 in a e"*™nt 

yield OCS + S at room temperature. ° Ve ound tbat 9,6% the reaction proceeds to 

H? ' 2® + ^ Entry ' ms U PP er limit determined by Becker et al (197<51 fr, 

H8 - ° r ^- 

and Clyne and Townsend (1975). The study bv ClvL a 'iJ 97 Donovan and Little (1972), 

negative E/R between 300 and 400 K. is e„cl£assL “ ■ lieht,y 

H9 ' « i„™. s zrr n .ito, ^e^vi'eTf abl : exp, r n, r i da,a ° f c,y ™ “ d 

with that recommended above The assigned error 1 * T C ° nstant for S + °2 ln reasonable agreement 
need for independent confirmation * mit b ° th this ancilIar y agreement and the 

Hl0 - tt°e Ir t ttS d" ^ < 1979 >’ ^ —ured 

the slightly greater exothermicity of the present reaction 60 6 ^ ^ ° f k( ° + ° H) When ° ne consider 8 

lgS^b^^e^^^tem^rature^lu^Mcepts Ae remits 1 ©? the tUre ° f Black et al ‘ <™2a, 

authors. The uncertainties cited reflect the need for further T™ paper 83 rec °mmended by the 

he significantly higher than an extrapolation of the S ‘° nfirmatl °" and the fact that these results 
A —peralure upper ,im it on t «, by «»» 

Robertshaw and Smith ”(1980), mdBuJkl>i°d. awL^m!!b!T^“ ^d " d Thr ' 1 * h <1966) ’ 
value of E/R is an average of the values rennrf A i u t , Sln £ widely different techniques. The 

the A-factor recalculated to fit the recommLdatio^f^M K)^ ^ et aL (1982b) ’ wth 


H13. 


Hl4. 


+ OH. The value recommended for Ki'PQS m ; a „ . , 

Thrush (1969) and Jourdain et al. ( 1979 ) Both sets of ilVer£ *^ e of the determinations by Pair and 
recommendation for the O + OH reaction have been COrrected usin & the present 

m«ck1?ai. (K82 V a°'”„ 0 d r CI J"* «~l Ma.Robart (1880), 

^leulatad from the relative rate measurement, of c“i™ ettl^e'')' ' he ”** 

taken from Brunning and Stief. y 1 ’ (iyb6 >- Arrhenius parameters are 

Hl5. SO + CIO. The valnp nf t/\ • 

and Brunning and Stief (1986a). The temperature ^nde det ^ mlnatlons b y C1 y ne and MacRobert (1981) 
A-factor recalculated to fit the k(298 K) recommendation^ ^ takGn fr ° m tHe latter stud y with the 

I6, by Clync and 

n „ 


H17. 


performed under IwtiTexces^Bro'rmd exce^SO^ndRions^Th* 1116 ! 118 ° f Br “" ning and Stief (1986b) 
hrn„ assigned by dyne and MarRober, (. 981 , from ^o'f ^ ^ 


78 



H18. 


H19. 


H20. 


SOo + HO9 This upper limit is based on the atmospheric pressure study of Graham et ah (1 ) 

resonance study by Burrows .t »1. (1979) places . somewhat htgher upper ta t 

P W298K)of4xlO - 17 (determined relative to OH + H 2 0 2 ). Their limit is based on the assumption 

iSSi » « Jst The weigh, of evidence from both studio, suggests an error ,n the .arbor 
determination by Payne et al. (1973). 

SOo - CH 3 0 2 . This recommendation accepts the results from the study of Sander and Watson (1981a),^ 
which is believed to be the most appropnat in the earlier 
conducted experiments using : ' loWer ® ? (ig79) both of which resulted in k(298 K) values 

investigations of Sanhueza et al. (1 ) an ' n 981) postulates that these differences are 

approximate, y 100 time, greater. prior to iu reversible 

d” *° iZlr cSro Id <£• ^ bebair of CH 3 0 2 S0 2 or IU -.uBbuUd 

decomposition into CH3 2 2 . . .1 studies yielding high k values, while 

adduct with 0 2 ^J^ii^oy^dcuninatiin the^onder and^Vatson experiments. It 

decomposition of CH3U20U2 m , . m-ToOn NO or other radical species 

Cocks et al. (1986) under conditions of low [CH 3 0 2 ]. 

S0 2 . N0 2 . This recommendation is based on the study of Penzhom and Canos. (WW ™ng *«™d 
IrivatWelv spectroscopy. Whi,e these author. -U accept Si 

observations of strong het.roge “™.*w”t»Sppnirimatoly two order, of magnitude lower than that 

measurement as an upper limit. Th PP much of which m ay have been due to 

l^ter ogmieou s pr oce^ se s S pen zh orn a^d CaTosa suggest that 'the products of this reaction are NO ♦ SO3. 

SO, * NO, This recommended upper limit for k<298 K) is based on the study by Duubendi.k and 
Sver, (1975). Considerably higher upper limits have been dertved by Bmwow. . al. (1985b), 
Wellington et al. (1986a), Cnnosa-Mn. et al. (1988). and Dlugokencky and Howard (1988). 

H22 S0 2 . 0 3 . This recommendation is based on the limited data of Davis al. (1974b, at 300 K and 860 K 

f„ a stopped flow investigation using mas. spectrometric and uv spectroseop.c detect, on. 

S0 3 r H 2 0. This recommendation is based on the measurement, of Wang et al. 

•i -S, attempted to exclude 

SlioTirr" ££ reported°higher rat coni vn.ue by Cattleman et ah (1975, may 

have resulted from an underestimation of th. effect, of heterogeneous react, on,. 

SO, . N0 2 This recommendation is based on th, study of Penshom and Cano» (1983) 1 “T* “T ' 8 
de 0 n 3 va,™ 2 UV spectroscopy. These authors observe the , — r ^ * ”' h " h ** 

interpret to be the adduct NSO5. This claim is supported by ESCA spectra. 

H25 SO 3 + NH 3 . New Entry. This recommendation is based on the single study by Shen et al. (1990). The 

uncertainty reflects the absence of any confirming investigation. 

Cl + HoS The value of k(298 K) is an average of the determinations by Nesbitt and Le°ne ^ l 98 ^H w ^’ cl1 
Staefhe data ol Braithwoite and Leon, (.978),, ^ , O— Clyne ^ ' 

is ™ ^ 

4000 torr. 

” S-.S 


H21. 


H23. 


H24. 


H26. 
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upper ,imits - k<29s k > « 

H2S 2 th r;ri' re r n ls *r d ™ — * m-* 

reversible adduct formation as suggest,,.! by Martin mJThS> C ''!w '^'l th<l ™' m > >roc “ d » *i« 
determined by Martin ., al. may*.., My* L2l .’T 

"crezr ■“* - ih< ■* — - - - 

H29 dLrannatt”, „f M^LS dial nSslbZZT'h^.U * " “ ,CTag * ° f ° f the ™ m •‘"W""". 

tba, less than » 

H3 °' 2re i" t a " d t" n the di “ hore * " ow ma “ *P'«t„m«nc 

Miiiig mu ivauiman Uyod), I he upper limit on k(298 K) for CIO + OPQ r .v 

minimum detectab e decrease in CIO Nn nr^JT^f , ? „ L r U U UCb was set from the 

j qn n • 1 , IB uetrease in ^1U. Mo products were observed. The upper limit on k(9<>8 in 

+ S0 2 is based on the authors’ estimate of their detectability for SOo r hl\ r . ? for C1 ° 

reaction based on the minimum detectable decrease in CIO was not j j t lmi ° r t 18 8ame 

CIO reformation from the Cl + O3 source reaction. d ^ t0 the P otentlal problem of 

H31. SH + H 2 O 2 . This recommended upper limit for k(2 <38 K) is h„ 0(i j .u • 1 

flQ««u Uni. „„i , , W' iiimi lor kuss KJ is based on the single study of Fried] et nl 

and the lack of OH 'production (measured b? re^ (meaSUred by laser -induced fluorescence) 

channels yield: Htf three possible product 

H32. SI J+ 0 This recommendation accepts the results of Cupitt and Glass (1975) TV,* W, 

reflects the absence of any confirming investigation. ' large uncert “ n ty 

H33 SH + ° 2 - 11118 “PP er limit *r « 298 K) is based on the study by Stachnik and Molina (1987) utilizing 
experiments sensitive to the production of OH. Somewhat higher upper limits of 1.0 x 10-17 and j g * 

sensi titties STSf ^ ^ 7”? V'’ ^ fr ° m the d ^on 

based on the lack ofl^^ ^ «»* * Black (1984), 

upper limits have been calculated by Tiee et al. (1981), Nielin ( 1979 )Zd Cupitt^d STS?® 

S *! + ^ ThC VSlUe f ° r k(298 K) iS an avera & e of th e determinations by Friedl et al (19fl5) n 
induced fluorescence detection of SH) Schonle et al (19ft7l f m , . y t . d ‘ 1 ' (1985) ( ,ase r 

SH and product HSO) as revised by Schindler and Benter 7l9?8) aK ^ ° f FeaCtant 

magnetic resonance detection of SH). The temperature denend ’ dWan ^ and Howard (1990) (laser 

A-factor „,cu,.red re agre. wiU, .hi 'kTeZZI^ ST? " th 

temperature dependence comes from mao CII „„ * , u K; - ^b/K reflects the fact that the 

lower temperatures TP** to 

minor reaction channel that produces H + SO + 0 2 . g d H rd re P ort observing a 

H35. SH + NO 2 . This recommendation accepts the measurements of Wang et al (1987) Thoaa *u 

suggest that the lower values of V r9Q« iri e.„ t . ang ei ai. (1987). Ihese authors 

(1985) are due to SH regeneration from the HoS so/ ^ 1984 ?’ ? riedl et aL (1985 ). fl nd Bulatov et al. 
(1987), attempts were made at ^ f / compound. In the study by Stachnik and Molina 

significantly higher than that from the earlfeJ^ sL<Uef*bSSi n 30% lo ° f k(298 K) was 

et al. who used two independent SH source * a r i ° w ® r ^han that measured by Wang 

Schonle et al. (1987) as revised by Schindler and Benter (1 QmhL^Z **** C ° nStant meaaured b y 

somewhat more limited database for their determination TV, ^ n°t been recommended due to the 

exothermic channel. In fact HSO has been detect d , reaction as written represents the most 

al. (1985), Schonle et al. (1987), and Wang et al (1987) 8 ^he^b * U * nd Smith (1982a), Bulatov et 
.ffret, „ M, rerved by w.„ g al. (1987J, coup, ad with the ,„ e a SSSSS 
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H36. 


H37. 


H38. 


H39. 


i j ' * on j. T 4 NO and OH + SNO are of minor 
that the (four-center intermediate) channel* * product^ > 8 ^.^ by filack (1984) or 

importance. No evidence for a three bo y rate constan t between 30 - 300 torr, Black 

Fried! et .1. (1985). Based on , a pre s s„, roU c0 „ sUl „ t slmil „ly, stach mik and Molina 

SdT) sT™ «C« in doeay rate between 100 and 730 ton- with 0 2 (although the., 0, experiment. 

were designed primarily to limit SH regeneration). 

IT „ „ „ q , u R ,. rl New Entries. The recommendations for these reactions are 

SH + F 2 ; SH + CI 2 ; SH + Br 2 , SH • radical. The uncertainties have been 

derived from the data of Fenter and Anderson (1991) for the bL> raoica ^ of any conrirrning 

increased over those estimated by the inves ^lga ors reaction, the channel 

;:ir c^rarr n: i ^ 

hso - o, ™. — --j * 

that^ measured by Bulutov et al. (.986, . 

HSO . 0 3 . This recommendation is based on ^ 

Rnwnrd (1990) In the first study, perfoimed at higher 3 uon 4 . Oo The 

w.°: produced in the (low tube and SH approached a stead, *L Lad, 

rate constant for this reaction was thus determined relative to SH e -03 from i raU 

SSSSSS 22 S r“mtte^wo ^ra.ure, « room temperature, the overall 
rate constant is in excellent agreement with that of Friedl et . 

The lack of an isotope effect when SD was employed in the - ESS* 

of the HSO ♦ O 3 reaction are SH - 202 (ana, ogou -« f« HO * O h H „ f H02 

Further mechanistic wmk whether this 

reaction in the atmosphere leads to HS regeneration or to oxidation of the sulf . 

HSO + NO; HSO + N0 2 . The recommendations for these ° a ^chlrge ffolTIystem. 

al. (1987) in which laser magnetic resonance was used^ ^ ^ ^ constant measured by Bulatov 
Their upper limit for the NO reaction is a between 10 and 100 torr. Since it is unlikely 

et al. (1985) using intracavity ^ser absorption at pre^ ^be^ ^ ^ ^ pressure of the Lovejoy et al. 

higher rat^ constant may be due to secondary chemistry associated with the HSO 
production methods employed. 

The recommendation for the N0 2 reaction is a factor of two higher^than ti a d r the 

- - «— - 

discussed in note H40. 

HS 02 - 02 . — T -“o 2 

(1987) upon addition of 0 2 to the HSO + NO rea y me asurements of the H0 2 

the HSO + N02 reaction and a precursor for HO 2 via reaction with 2* 

HriQOn - O, This recommendation is based on the studies of Gleason et al. (1987) and Gleason and 
“ward <1988, ?n whTL H0S0 2 reactant was monitored using a 1— «- 

l ectromltric technipue. Gleason and Howard U.n^id 

temperature range in the only temperature epen uncertainties in extrapolating their data to 


H40. 


H41. 
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H42. 


+ M T 6t d - (1986) ’ b ° th ° f Wh0m used fits of OH radical decays in the OH + SOo 

viekhne^HO v u" u PreS6nCe ° f ° 2 and NO ' In this lat ter analysis, the H0S0 2 reacts with (S 
spectrum dTHOSOo'h *7^7 generates OH through its reaction with NO The infrared 

et al. (1984) and NagaiVaT (ldZl MasssplXZ o7HOrOo?\h ment8 ^ 
been reported by Egsgaard et al. (1988). ° S ° 2 m the gaS pha8e has als ° 

Cl ® + ° 2 n 7116 recommendation given for k(298 K) is based on the work of Black et al 09811 „„„„ i„ 
induced fluorescence to monitor pq 'T'v^o • * i ® * tiyod) using loser 

by Richardson (1975) using OCS formation rates 6 TheT tt^ S ° mewhat less P recise determination 
channel dominates over tL one ^Xme SO . CO h 7 "’"T* eVidenCe that this reaction 

Richardson at 293 K and 495 K yield an E/R of 1860 K u" 10 ™ a ° “ ^ tor of 10 ’ Measurements by 

— ~ rrzri srsrr.r? r the 

Of this, no recommendation is given for the temperature dependence ’ In W<SW 

e ,pen me „t. The uncertainty factor, reflect the uhZ^f £ 

H44 w": « rami" i wr“t, ti 7,^rt:/ H “ mp<>sit, /w ,< ' ,he d “ ,a ° f A,kin “" - *>■ ^ 

agreement. Th. reauit, from the Je^ri^ ^Ttudy ^8,^ e^H m/Lt* *” '’‘“"t”' 

“ f t c » - «^5Ss5s dTr.“ r,,* h : 

and Tart MQBl, L T 2 the ‘ r reaCt, ° n system ‘ MacLeod et al. (1983, 1984) and Lee 

Th.ee author, alee ob^twe"^?, ^.“.XSiTS' b ” th ° n 

rtud.ee upon which the methanethiol recommendation is made. Wi".' etT (19sS '^."7“'^"’" 

prod "“ • i — «« isssps 

have determined the yield of CHqS (via laser 4 ^ me ^ s ^ rernents * Tyndall and Ravishankara (1989) 
adduct mart be .hurt Uved (L^h.n lid '“'V 1 *« “dieting that any 

decay kin.be, nsed for the rote constant d.terminah™ '^’Td Win” U81? EuTb” ° H 
efTect of 0 2 on the measurement rate constant. (1987) f “ led to observe any 

H45 ' a981a) C and S et TT* ^ ° f et aL (1986b >> Wine et 

within the 2a error limits of the 298 K recommendation Hynes et 1" Q986bl Tv 7 *^71 

importance of a second reaction channel involving addition of OH t„ ^ 2 bave , demonstrated the 

formed decomposed rapidly so that in thp ^ r ,, ^ to sulfide. The adduct 

channel i, meLred' lff"(h w "*> «» ab.traction 

of 02, however, the addurt S. ” fo™ a ‘ h ? ^ str “ t '»" •"!»■ In the preeenc. 

concentrabon has been clearly observed by Hynes « .1 ambl’ Wall 'T' 8 ^ "t ) mcre “'"d °2 

constants obtained in ma'ny 5 VT? “ 
expression for the observed rate constant in one atmosphere of air: ' 8 b & He foIlow,n & 

Kbs = IT exp(-234/T) + 8.46 x 10‘W exp(7230/T) + 2.68 x lO'lO exp(7810/T)l/ 

11.04 x 10 11 T + 88.1 exp(7460/T)] 

H46. OH + CH3SSCH3. This recommendation is based on the study of Wine et al (1981a) The 

ST SSI' the LmmenTd 
Domine and Ravishankara (1989) hove observed both 
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H47. 


CH3SOH (via photoionization mas. spectrometry) a. product. of this reaction. At 298 K, th. yi.ld of 
CH3S alone was quantified at approximately 30%. 

NO3 v H 2 S. 1U. recommendation accepts the upper limit 

>»«• •- "»— * W “ l,i " eto ” - <1986a) * nd 

Cantrell et al. (1987b). 

H48. NO3 + OCS. This upper limit is based on the relative rate data of MacLeod et al. (1986). 

H49. NOseCSs. This upper limit is based on the study (1985b). A eomewhat higher upper 

limit was derived in the relative rate data of MacLeod et al. (198 ). 

NOo . choSH The recommended values are derived from a composite fit to the data of Wallington et 
NO3 + Cri3ori. me recommend H nwnr H H988) The room temperature rate 

al. (1986a), Rahman et al. (1988), and Dlugoken ^ f * L d t al ( (1986) is i n good agreement with the 
constant d.rived in th. relative role experiments of MmiLood et el. ^ , ndeperidcnt 

SS' S°Howard place an upper limit of » on the production of 

NO2 via this reaction at low pressure. 


H50. 


„„ N n 4. rHaSCHi The recommended values are derived from a composite fit to the data of Wallington 
H51. NO3 + CH3bCli3. in , , A T-T^u/orrl H988) The relative rate study of 

et al. (1986a), Tyndall et al. (1986), and Dlugokemcky, “ d agreement with that 
Atkinson et al. (1984b) yields a rate cons an a demonstrate the pressure independence 

consistent with the formation of an NO3-CH3SCH3 adduct. 

H52. NO3 . CH3SSCH3 The recommended vaines were derived “ Mkin'.ottt 1 

Wallington et al. (1986a) and Dlugok.nck, and Howard U1988) The ™»estjt y for 

^ — - * 

study of MacLeod et al. (1986) can be considered to be erroneous. 

N0O5 ♦ CH3SCH3. New Entry. This recommendation is based on th, value estimated by Tindall and 
Ravishankara (1991) from the study by Atkinson et al. (1984b). 

OH,S + 09 This upper limit is based on the study by Tyndall and Ravishankara (1989a). Somewhat 
higher uSer ^mUs were derived in the earlier studies of Ball a et al. (1986) and Black and Jusmski 

(1986). 

CHnS * O3 This recommendation is based on the room temperature dete™inations of^nddl »d 
Ravishankara d989b) mid the corierii^s of ^r'earii'er fnwsti^titm toa^wnt for 

H56 ' misestimates by ^HaTt^a^fW^l'who^ondic^d^'ten^eratui^depen^encTstudy^of the termolecular 
reaction. 

„„ CHeS + NOo This recommendation averages the results of Tyndall and Ravishankara (1989.) and 
H57. CH 3 S 2- earlier study by Balia etnl. (1986) yielded a room temperature rate constant 

Sra ra a :«Ttwo An h,gher, whic^ay be attribuwd ^ 

written. 


H53. 


H54. 


H55. 
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H58 ' Mudv «r + T? 3 „H,? i ‘ is '““J « «•* »tud y by Domi™ «,. a992) . „ j. supportod b the 

rf ,t c 5ts ro, T ‘ , W in W r!‘ ich ,he w “ d «™ d » complex 

lysis of the CH 3 S + 0 3 reaction system. Domine et al. place the direct yield of CHoSOat 

approximately 10% and that of CH 3 S at 13% at low pressure. y CH 2 SO at 

H59 Thl 3S ° t. 1 ^ 02 ' ThlS ree ° m mendation is based on the direct measurements of Domine et al. (1990) 

The results are supported by somewhat less direct measurements of TvnHnll . „ . , 

(1989a) and Mellouki et al. (1988b). measurements of Tyndall and Ravishankara 

H60. CH 3 SS + 0 3 . New Entry. This recommendation is based on the discharge flow photoionization m «* a 
spectroscopy study by Domine et al. (1992). The uncertainty factor "eflel tTZTcl 
confirming investigations. The rate constant ratio for the reactions of CH 3 SS with Oo and N0 9 Ts 
sistent with the rate constant ration for the corresponding CH 3 S reactions. 2 

H61 nl^tohf - + r° 2: CH3SS0 + N ° 2 - These recommendations are based on the discharge flow 

LctionTa^ 

ifsTudy ChSsO 6 ^ bUt ® Ckn ° W ' edge the absence ofan > confirming investigation.^ theD^ne^t 
’ ° H 3 SS0 wa * produced by reacting away all CH 3 SS with high N0 2 concentrations Thus as 

expected, O atom transfer may be the primary channel in the CH 3 SS reaction. 

J1 (199 + 1)° : Th^lfTT mmendation is based on the measurements of Ager et al. (1986) and Worsnop et al 

L Tfed^Tw ' Va, ™ S in ‘“ b “ traCt “ d *“* 

work from th„, laborotoo. (Silver o„d Kolb. 1986,). 

K .re . ■»»». tent wrth the recommendation but are included been,, "hey d!d n„t r«4„ “,h“ 

ZelTet^rii'^b + ° 3 * 2 ° 2 ' interfereS With * he measurement* 

P d.99 1 ) observe no significant temperature dependence from 214-294 K. Ager et al. (1986) 
estimate that the Na (>2 + O product channel < 5 %. 

The ,T Omme u ndati0n incor P° rates the data of Husain and Marshall (1985) Ager et al 
Lte ciSdent a aJ ^KihatLT^’ “"rf W ° rSn ° P 1 ^ (1991) ' Silver and Kolb <H«* 6 a) ^asured a 

studied fd by ter 'tZTo Z ^ (1991) ‘ Earlier > leS8 *«** 

ssea oy Ager et al. (1986). The NaO product does not react significantly with NoO at 
room temperature [k (for Na + N 2 + 0 2 products) < 10-16 ^ k (for Na02 + ^ products) s 2 x 1Q . 15 ^ 

temperature results. re ^mended value is the average of these room 

J4. NaO + O. The recommendation is based on a measurement at 573 K by Plane and Husain (19861 Tbev 
reported that < 1% of the Na product is in the 3 2 P excited state. ^ 


J2. 


J3. 


J5. 


J6. 


J7. 


NaO + O 3 . This reaction was studied by Silver and Kolb (1986a) and Ager et al (19861 wh« 0( ~ n. 

SS if, clSn^acti^^eclmnfsi^ NaA^'s^t^n!"* dirCCt meaSUrement but the 

NaO + H 2 . The recommendation is based on a measurement by Ager and Howard ( 1987 a) TW .1 

+ H2 ° prod ” 1 ch “" ei aad that a 

NaO + H 2 0. The recommendation is based on a measurement by Ager and Howard (1987a). 
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J8. 

J9. 

J10. 

Jll. 

J12. 


NaO + NO The recommendation is based on an indirect measurement reported by Ager et «1. (1986). 
NaOH and Cl production is not ruled out. 

Na0 2 + NO. This reaction is endothermic. The upper limit recommended is from an experimental 
study by Ager et al. (1986). 

Na02 * HC1 The recommendation i. bleed on a measurement reported by Silver «kI » <1986b) - 
¥hey indicated that the product, are NaCl + H02, but NaOOH + Cl ma, be po.stbl. products. 


N.OH ♦ HC1. The recommendation is based on the study by Stiver et .1, (1984a), which is the only 
published study of this reaction. 
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TABLE 2. RATE CONSTANTS FOR THREE-BODY REACTIONS 



Reaction 
& 0 + 02^03 

0( 1 D) + N2 ^NjjO 
H + 02^H02 
0H + 0H^H202 
& 0 + N0^N0 2 
0 + N02^N0 3 
OH + NO ^ HONO 
OH + NO2 HNO3 
HO2 + NO2 ^ HO2NO2 

N02+N0 3 M N205 
Cl + NO ^ C1NO 
a + N02 ^ C10N0 

*?cino 2 

& Cl +02^0100 

cuco^cico 

CI + C2H2 ^cic 2 h 2 
CIO + CIO 55 CI2O2 

& C10 + NO2 ^ciono 2 

# 0 + ocio ^ cio 3 

# Br + N0 2 BrN0 2 
BrO + NO2 ^ Br0N0 2 


Low Pressure Limit® 


kp(T) = kp 300 (T/300)" n 


ko 300 

n 

(6.010.5) (-34) 

2.310.5 

(3.513.0) (-37) 

„„ 2.0 
°- 6± 0.6 

(5.710.5) (-32) 

1.610.5 

(6.913.0) (-31) 

„„ 20 
°- 8± 0.8 

(9.012.0) (-32) 

1.5±0.3 

(9.011.0) (-32) 

2.011.0 

(7.012.0) (-31) 

2.611.0 

(2.610.3) (-30) 

3.210.7 

(1.810.3) (-31) 

3.210.4 

(2.210.5) (-30) 

3.911.0 

(9.012.0) (-32) 

1.610.5 

(1.310.2) (-30) 

2.011.0 

(1.810.3) (-31) 

2.011.0 

(2.711.0) (-33) 

1.510.5 

(1.310.5) (-33) 

3.810.5 

(8.011.0) (-30) 

3.510.5 

(1.910.5) (-32) 

3.911.0 

(1.810.3) (-31) 

3.411.0 

(1.910.5) (-31) 

1.111.0 

(4.210.8) (-31) 

2.410.5 

(5.210.5) (-31) 

3.010.8 


High Pressure Limit^ 
k«(T) = koo 300 (T/300)" m 


kj**> 

m 

Notes 

- 

- 

1 

- 

- 

2 

(7.514.0) (-11) 

ftfcl.O 

3 

(1.510.5) (-11) 

010.5 

4 

(3.011.0) (-11) 

Otl.O 

5 

(2.210.3) (-11) 

Oil.O 

6 

(1.511.0) (-11) 

0.510.5 

7 

(2.411.2) (-11) 

1.311.3 

8 

(4.711.0) (-12) 

1.411.4 

9 

(1.510.8) (-12) 

0.710.4 

10 

- 

- 

11 

(1.010.5) (-10) 

1.011.0 

12 

(1.010.5) (-10) 

1. 01 1.0 

12 

- 

- 

13 

- 

- 

14 

(1.010.5) (-10) 

2.610.5 

15 

(7.011) (-12) 

Oll.o 

16 

(1.510.7) (-11) 

1.911.9 

17 

(3.110.8) (-11) 

011.0 

18 

(2.710.5) (-11) 

011.0 

19 

(9.011.0) (-12) 

2.311.0 

20 
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Table 2. (Continued) 



Low Pressure Limit a 
kn(T) = ko 300 (T/300)‘ n 

High Pressure Limit' 5 
k«,(T) = k „ 300 (T/300)' m 


Reaction 

ko 300 

n 

kj 300 

m Notes 

F + 02^F02 

(4.4±0.4) (-33) 

1 . 210.5 

- 

- 

21 

F + NO^FNO 

(5.9±3.0) (-32) 

1.711.7 

* 


22 

F+ NC >2 ^4 products 

(1.110.6) (-30) 

2.012.0 

(3.012.0) (-11) 

1 . 011.0 

23 

FO + NO 2 ^4 FONO 2 

(2.612.0) (-31) 

1.311.3 

(2.011.0) (-11) 

1.511.5 

24 

CH 3 + O 2 ^CH 3 02 

(4.511.5) (-31) 

3.011.0 

( 1 . 810 . 2 ) (- 12 ) 

1.711.7 

25 

* C 2 H 6 + C >2 ^ C 2 H 5 O 2 

(1.511.0) (-28) 

3.011.0 

( 8 . 011 . 0 ) (- 12 ) 

011.0 

26 

# CH 3 O + NO ^CH 3 ONO 

(1.3510.5) (-29) 

3.8±1 

(3.611.6) (-11) 

0 . 6 ± 1.0 

27 

# CH 3 O + NO 2 ^ CH 3 ONO 2 

( 2 . 810 . 6 ) (-29) 

4 . 012.0 

(2.010.4) (-11) 

1 . 011.0 

28 

# C 2 H 5 O+ NO ^ C 2 H 5 ONO 

(2.011.0) (-27) 

4 . 012.0 

(4.410.4) (-11) 

1 . 011.0 

29 

# C 2 H 5 O+NO 2 ^ C 2 H 5 ONO 2 

(2.011.0) (-27) 

4.0±2.0 

(2.810.4) (-11) 

1 . 011.0 

30 

CH 3 O 2 + NO 2 H CH 3 O 2 NO 2 

(1.510.8) (-30) 

4.012.0 

(6.513.2) (-12) 

2 . 012.0 

31 

& OH + S02^HOSC>2 

(3.011.0) (-31) 

3.311.5 

(1.5110.5) (-12) 

0 

0*2 

32 

* OH + C 2 H 4 ^HOCH 2 CH 2 

( 1 . 010 . 6 ) (-28) 

0 . 812.0 

(8.810.9) (-12) 

0 

0 l 2 

33 

OH + C 2 H 2 ^HOCHCH 

(5.512.0) (-30) 

0 . 010.2 

(8.311.0) (-13) 

2 

- 2 ll 

34 

CF 3 + O 2 ^ CF 3 O 2 

(1.510.3) (-29) 

4.012.0 

(8.511.0) (-12) 

1 . 01 1.0 

35 

# CF 2 CI + O 2 ^ cf 2 cio 2 

(3.011.5) (-30) 

4.012.0 

(312) (-12) 

1.011.0 

36 

CFa 2 + 02^ CFC1 202 

(5.010.8) (-30) 

4.012.0 

( 6 . 011 . 0 ) (- 12 ) 

1 . 011.0 

37 

* 003 + 02^00302 

(1.010.7) (-30) 

6 . 012.0 

(2.512.0) (-12) 

1.011.0 

38 

& CFCI 2 O 2 + NO 2 ^ CFCI 2 O 2 NO 2 

(3.510.5) (-29) 

5.011.0 

( 6 . 011 . 0 ) (- 12 ) 

2.511.0 

39 

# CF 2 C 102 + N 02 M CF 2 C 102 N 02 

(3.511.8) (-29) 

5.011.0 

(5.211.0) (-12) 

2.511.0 

40 

# CH 3 C( 0)02 + NO 2 % 

CH 3 a 0 ) 02 N 02 

(814) (-29) 

7.012.0 

( 1212 X- 12 ) 

l.Oil.O 

41 
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Table 2. (Continued) 



Reaction 

Low Pressure Limit a 
MT) = ko 300 (T/300)' n 

High Pressure Limit^ 
koo(T) = koo 300 (T/300)* m 

1 

ko 300 

n 

kj™ 

m 

Notes 


CF 302 + NO 2 — ► CF 302 N 02 

(2.2±0.5) (-29) 

5 . 011.0 

(6.011.0) (-12) 

2.511.0 

42 


CCI 3 O 2 + NO 2 -> Ca 3 02N02 

(5.0±1.0) (-29) 

5 . 011.0 

(6.011.0) (-12) 

2.511 

43 


HS + NO^ HSNO 

(2.410.4) (-31) 

3 . 011.0 

(2.710.5) (-11) 

0 

44 






°±2 


# 

CH 3 S-t.NO ^CH 3 SNO 

(3.210.4) (-29) 

4. Oil 

(3.910.6) (-11) 

2.711.0 

45 

& 

Na + O 2 ^ Na0 2 

(2.410.5) (-30) 

1 . 210.5 

(4.012.0) (-10) 

011.0 

46 


NaO + O 2 ^Na 03 

(3.510.7) (-30) 

2 . 012.0 

(5.713.0) (-10) 

011.0 

47 


NaO + CO 2 ^ NaC 03 

(8.712.6) (-28) 

2 . 012.0 

(6.513.0) (-10) 

Oil.O 

48 


NaOH + CO 2 ^ NaHC0 3 

(1.310.3) (-28) 

2 . 012.0 

(6.814.0) (-10) 

Otl.O 

49 


Note: k(Z) = k(M,T) = ( t o (T)|M] \ 0 6 (1 + [log l0 (VOM/k^OO)] 2 )' 1 

V l + (k 0 (D[M]/k^(T)) > 


The values quoted are suitable for air as the third body, M. 
a Units are cmfymolecule^-sec. 

^ Units are cm^Anolecule-sec. 

* Indicates a change from the previous Panel evaluation (JPL 90-1). 
& Indicates a change in the Note. 

# Indicates a new entry that was not in the previous evaluation. 
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NOTES TO TABLE 2 


O + Oo. Low-pressure limit and T-dependence are an average of Klais, Anderson, and Kurylo (1980a) 

, T 2 A t fiqR9i The result is in agreement with most previous work (see references therein) 

Zi tESt’ K r U986, ha. 

reaction, using methods similar to those discussed in the Introduction, Troe (1977), 

(1983). 

Croce de Cobos and Troe (1984) are in agreement with earlier work. Rawlins et al (1987) report values 
in Ar between 80 and 150K that extrapolate to agreement with the recommended values. 

0(lD) + No Low-pressure limit from Kajimoto and Cvetanovic (1976). The T-dependence is obtained 
by assuming a constant P . The rate constant is extremely low in this special system due to electronic 
curve crossing. 

H + Oo Kurylo (1972), Wong and Davis (1974) and Hsu et al. (1987) are averaged to obtain the low 
pressure limiting value at 300K. The first two studies include T-dependence, as does a recen s udyy 
Hsu et al (1979). The recommended value is chosen with constant <AE>N 2 - 05 kcal mole ' 
very ,ow „u m b.r r.fWU, roUUona, .ll.c, Th, high 

temperature dependence is estimated. Cobos et al. (19 ' , f1 q 8 Qi are ; n KO od 

uncertainty. Recent high temperature measurements in Ar by Pirraglia et . 

agreement. 

OH + OH. Zellner et al. (1988) have studied this reaction at 253, 298, and 353K at pressures between 26 
and 1100 mbar of N 2 . They report 

k o(T) = (6.9 + 1 -*) x 10- 31 (T/298)- 0 - 8 cm 6 s' 1 


koo(T) = 1.5 x IQ' 11 (T/298) 0 cm 3 s* 1 


The unsymmetrical error limits in k 0 (298) take into account contributions from H + °H -.H 2 0. 
Error limits were not reported for other parameters. The recommended error limits are estimates. 

Trainor and von Rosenberg (1974) report a value at 300K that is lower by a factor of 2.7. 

O + NO Low-pressure limit and n from direct measurements of Schieferstein et al. (1983) and their re- 
1 • of the data of Whytock et al. (1976). Error limits encompass other studies. High-pressure 

Zlt Z rn from and Baulch et al. (1982), slightly modified Recent shock tube 
measurements by Yarwood et al. (1991) in argon from 300-1300K are consistent with these va u . 

O + NOo Values of rate constants and temperature dependences from the evaluation of Baulch et al. 
(I960) They use F c = 0.8 to fit the measured data at 298 K, but our value of F c = 0^6 gives a similar 
result. In a supplementary review, Baulch et al. (1982) suggest a slight temperature dependence for F c , 
which would cause their suggested value to rise to F c = 0.85 at 200 K. 

OH + NO The low-pressure limit rate constant has been reported by Anderson and Kaufman (1972) 
Stuhl and Niki (1972), Morley and Smith (1972), Westenberg and de Haas (1972) Anderson et al. 19 , 

Howard and Evensecm (1974), Harris and Wayne (1975), Atkinson et al (1975), Overend etaL(1976), 
Anastasi and Smith (1978), and Burrows et al. (1983). The general agreemen l g » 
recommended value is a weighted average, with heavy weighting to the work of Anastasi and Smith. 
The reported high pressure limit rate constant is generally obtaine rom ex ra^^on. 
recommended value is a weighted average of the reports in Anastasi and Smith (1978) and Anderson 
al. (1974). [Both cis and trans --HONO are expected to be formed.] 

OH + NOo The low-pressure limit is from Anderson et al. (1974), who report n = 2.5 (240 < T/K . < ^450); 
toward and Evenson (1974): Anastasi and Smith (1976), who report n = 2.6 (220 < T/K < 550); and 
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9 . 


10 . 


11 . 


12 . 


13. 


Wine et al. (1979), who support these values over the range (247 < T/K < 352). The recommended value 
of n = 3.2 comes from <AE>n 2 = 0.55 kcal mole'*. (This value is consistent with the experiments) 

the ;?i7 fk , a L 29 , 5 K ^ hi S h -P res9ur e limit and T-dependence come 
™ m de ° t m ! th and , ?° lden (1978) - a l thou gh the error limits have been expanded to 

encompass m = 0. Robertshaw and Smith (1982) have measured k up to 8.6 atmospheres of CFs. Their 

work suggests that k«, might be higher than suggested here (-50%). This might also be due to other 
causes (i.e., isomer formation or involvement of excited electronic states). Burkholder et al. (1987) 

have shown that H0N0 2 is the only isomer formed (yield - ,75±;f 0 ). The recommendation here fits all 
data over the range of atmospheric interest. 

H°2 + N ^2 Q Kury l0 and Ouellette (1986) have remeasured the 300K range constants. Kurylo and 

^enlr^m thil 1 n VC f° remeaS v> Ured tbe ^mperature dependence. The recommended values are 
(19841 f Th H latter re ^ en « wherel n their data were combined with that of Sander and Peterson 
(1984 . The recommended ko (300 k) is consistent with Howard (1977). Other studies by Simonaitis and 

eicklen (1978) and Cox and Patrick (1979) are in reasonable agreement with the recommendation. 

N0 2 + N0 3 . Data with N 2 as the bath gas from Kircher et al. (1984), Croce de Coboe et al. (1987a) (up to P 
= | 0 a Q tm )' Smith et al. (1985), Burrows et al. (1985a), and Wallington et al. (1987a) were used to obtain 
ko and k^ . Values from Croce de Cobos et al. (1984) at pressures above 10 atm are 30% higher than 
he curve used herein. The values of n and m are from Kircher et al. (1984) and Orlando et al. (1991b) 

reactton^ ^ F ° W 63 6t B ' 19823 18 n ° ted ’ bUt ^ USed ’ Johnston et al - < 198 6) have reviewed this 

Q9?1 wS,eL e r rSe /r Cti r have been ° btc ? ined by Conne11 and Johnst <>n (1979) and Viggiano et al. 

k! (Th t o data sets are ln reasonable agreement under overlapping conditions.) These data 
may be compared to the suggested parameters by multiplying by the recently redetermined equilibrium 
constant given in Table 3. The agreement is good. If the previous value of the equilibrium constant is 
used, the agreement is less than good. 4 lurlum con8la ™ > 8 

f^ + p °' bo ^P ressure hmit from Lee et al. (1978a), Clark et al. (1966), Ashmore and Spencer (1959) 

( 1966) aVlshankara et aL (1978) - Temperature dependence from Lee et al. (1978a) and Clark et ah 

C1 M N0 J o L °w Pre r Ure limit and T - de P endence from Leu (1984a). (Assuming similar T-dependence 
m N 2 and He.) Leu (1984a) confirms the observation of Niki et al. (1978c) that both CIONO and CINOo 
are formed, with the former dominating. This has been explained by Chang et al. (1979a) with detailed 

££ (Sr &> L den , ii9 f 3 ;- s? 

mu atter wor h extends to 200 torr and the high pressure limit was chosen to fit these 
measurements. The temperature dependence of the high pressure limit is estimated. 

Cl + °2. Nicovich et al. (1991) measure k=(9 ± 3) x 10' 33 cm 6 molecule’V 1 at T = 187 ± 6K in C^. Using 
the methods described in Patrick and Golden (1983), but adjusting the thermochemistry of C10 2 such 

^^298 = 64-3 Ca * m0 * ^ 1 and A Hf_298 = 23.3 ± 0.6 kcal mol' 1 (See note 6 of Table 3). We calculate 

5.4 x 10 cm molecule 2 s 1 at T = 185K with collisional efficiency of the bath gas taken from the 

oTmlv rV } ! = , <A ^ >/FEk ! and <AE> ~ °' 5 kcal m ° le ‘ 1 (be -> Pi 88 = -42 and p 3 00 = -30). Since 
0 2 may be particularly efficient for this process we use this calculation with broader error limits The 

value from the calculation at 300K (i.e 2.7 x 10' 33 cm 6 molec' 2 s' 1 ) compares with an older value of 
Nicholas and Norrish (1968) of 1.7 x 10' 33 in an N 2 + 0 2 mixture. The temperature dependence is from 
the calculation. Baer et al. (1991) report a value at 298 K in good agreement with the value 
recommended here. But the temperature dependence is strikingly different as noted by the authors. 


14. a + co 


■ C1CO. From Nicovich et al. (1990a) who measured the process in N 2 for 185 < T/K < 260. 
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15. Cl + C 2 H 2 . B running and Stief (1985) measured k from 210 to 361 K in Ar between 10 and 300 torr. 
Experiments in N 2 at 296K were used to scale the low-pressure limiting rate constant. They report: 

ko = (1.0 ± 0.2) x 10 29 (T/300)- 3 - 50 ± 0 05 
k«, = (4.7 ± 0.9) 10' 11 (T/300)* 2 - 63 ± 0 05 

Wallington et al. (1990a) measured k at 295K in air between 50 and 5800 torr. They report for a 
combination of their data and the 296K, N 2 data of Brunning and Stief: 

ko = (6.1 ± 0.8) x 10" 30 


koo = (1.9 ± 0.3) x 10' 1() 


The values recommended here, place heavier weight on the data at pressures below an atmosphere. The 
temperature dependence is from Brunning and Stief with increased error limits. These values are 
compatible with earlier studies at Poulet et al. (1973), Atkinson and Aschmann (1985), Lee and 
Rowland (1977) and Wallington et al. (1988b). 

16. CIO + CIO. Sander et al. (1989) and Trolier et al. (1990) measured this reaction at 200-260K in 20-600 
torr nitrogen and oxygen. The results are generally consistent with a Patrick and Golden (1983) type 
calculation within a factor of 2, using thermodynamics consistent with the equilibrium constant 
measurements of Cox and Hayman (1988). At low temperature and pressure, the rate constants of 
Trolier et al. (1990) exceed those of Sander et al. (1989) and the calculation, suggesting a possible 
additional route. The recommended values are an average of these two studies. The error limits 
encompass both sets of results. 

Hayman et al. (1986) report a higher value at higher temperatures that is not consistent in the above 
sense. Other previous measurements, such as Cox and Derwent (1979), Basco and Hunt (1979) and 

Walker (1972) and Johnston et al. (1969) range from 1-5 x 10‘ 32 cm 6 s 1 with N 2 or 0 2 as third bodies. 

Birk et al. (1989) have reported that the major dimerization product is chlorine peroxide. Recent studies 
of DeMore and Tschuikow-Roux (1990), Slanina and Uhlik (1991) and Stanton et al. (1991) support this 
observation. 

17 CIO + NO 2 . Several independent low-pressure determinations (Zahniser et al., 1977; Birks et al., 1977; 
Leu et al., 1977; Lee et al., 1982) of the rate of CIO disappearance via the CIO + N0 2 + M reaction are in 
excellent agreement and give an average (300) near 1.8 x 10' 31 cm 6 s' 1 . No product identification 
was carried out, and it was assumed that the reaction gave chlorine nitrate, C10N0 2 - In contrast, 
direct measurements of the rate of thermal decomposition of C10N0 2 (Knauth, 1978; Schone et al., 1979, 
and recently Anderson and Fahey, 1990), when combined with the accepted thermochemistry give a 
value lower by a factor of three. It is concluded that earlier measurements of the heat of formation are 
incorrect and the value 5.5 kcal mole' 1 evaluated from the kinetics by Anderson and Fahey (1990) is 
accepted. 

Earlier explanations to the effect that the low-pressure CIO disappearance studies measured not only a 
reaction forming C10N0 2 , but another channel forming an isomer, such as 0C1N0 2 , CIOONO, or 
OCIONO (Chang et al.* 1979a; Molina et al., 1980a) are obviated by the above and work of Margitan 
(1983b) Cox et al. (1984b), and Burrows et al. (1985a) which indicates that there are no isomers of 
C10N0’ 2 formed. Wallington and Cox (1986) confirm current values, but are unable to explain the 
effect of OCIO observed by both Molina et al. (1980a) and themselves. 

The high-pressure limit rate constants and their temperature dependence are from the model of Smith 
and Golden (1978). The recommended rate constants fit measured rate data for the disappearance of 
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reactants (Cox and Lewis, 1979; Dasch et al, 1981). Data from Handwerk and Zellner (1984) indicate a 
slightly lower k^. 

O + OCIO. New Entry. The recommendation is based on recent data of Colussi et al. (1991) and Colussi 
(1990) who measured the pressure dependence between 248 and 312K. Their results are consistent with 

calculations. A zero pressure rate constant of (1.6 ± 0.4) x 10' 13 cm 3 s' 1 is reported for the chemical 

activation channel producing CIO + O2, and their value of AH°(C10 3 ) = 52 kcal mole' 1 is derived at 
298K. 

Br+N02- New Entry. The recommended values are from a study by Kreutter et al. (1991). Their ko 
value agrees with the measurement of Mellouki et al. (1989) at 300K. A Patrick and Golden (1983) type 
calculation using the known structure of the more stable BrN02 isomer and the measured equilibrium 
by Kreutter et al. (1991) underpredicts 1^ by an order of magnitude. Participation by other electronic 
states and isomers such as BrONO merits further consideration, in keeping with the chlorine analog. 

®rO + NO2. Earlier measurements at 300 K from Sander et al. (1981) are combined with recent work of 
Thom et al. (1989) who measured the rate constant at pressures from 16 to 800 torr of N2 and at 268, 298, 

and 346 K. A recent study by Danis et al. (1990) reports k 0 = (3.8 ± 0.8) x 10' 31 (T/298)"^ 4 * 95 for 
M=02- The recommended value for n is taken from Thorn et al. (1989) and Danis et al. (1990). The 
value of ko seems large and possible isomer formation cannot be ignored even though similar 
suggestions for CIO + NO2 are not important. 

F + O2. A recent study by Pagsberg et al. (1987) reports ko in Argon = 4.38 x 10' 33 (T/300)' 12 . This is in 
good agreement with earlier values of Smith and Wrigley (1980), Smith and Wrigley (1981), 
Shamonina and Kotov (1979), Arutyhonov et al. (1976) and slightly lower than the values of Chen et al. 
(1977) and Chegodaev et al. (1978). Lyman and Holland (1988) report a slightly lower value in Ar and 
298K. We assume that PAr = PN2 at all temperatures. 

Pagsberg et al. (1987), also determined the equilibrium constant and thus AHf (FO2). See Note 11 of 
Table 3. A calculation such as described in Patrick and Golden (1983), using the new value yields: k 0 
= 1.06 x 10 33 (T/300) 1 3 using PN2 = 0-3 <AE> = 2kJ mol' 1 ). This is not good agreement. 

F + NO. Parameters estimated from strong collision calculations with <AE> set at .42 kcal/mole' 1 , 
yielding b = 0.30 at 300 K and p = 0.38 at 200 K 

F + NO2. Experimental data of Fasano and Nogar (1983) were used to determine both the high and low 
pressure limits at 300 K. They fit their data to an expression such as recommended here. 

Treatment of the data for this system requires knowledge of the relative stabilities of FNO2 and FONO. 
Patrick and Golden (1983) assumed that the difference between these would be the same as between the 

CINO2 isomers. Thus, they concluded that k 3 Q Q (FNO2) = 8.9 x 10‘ 31 and k 3 q Q (FONO) = 2.4 x 10' 30 , and 
that FONO would be formed ~3 times more favorably than FNO2. We have found an error of a factor of 

four in their calculations, which would predict k 3 Q Q (FONO) - 1.06 x 10' 29 , and thus an overwhelming 
amount of FONO. The measured value is k -1.06 x 10' 30 , which is one-tenth of the predicted value. 

A calculation at the MP-3/6-31G level by Evleth (private communication, 1984) indicates that the 
FONO is much more than 10 kcal mol' 1 less stable than FNO2 and that its rate of formation can be 
ignored. Thus, we have k(exp) = k(FN02) = 1.06 x 10' 39 . 

The value of n = 2 is from Patrick and Golden, and the value of m is a rough estimate from similar 
reactions. 



24. FO + N02- Low-pressure limit from strong collision calculation and (3 = 0.33. T-dependence from 
resultant <AE> = .523 kcal mole* 1 . High-pressure limit and T-dependence estimated. Once again 
(see Note 20) multiple channels could be important here, which would mean that the reaction between 
FO and NO2 could be much faster, since these values consider only FONO2 formation. 

25 . CH3 + O2. Low-pressure limit from Seltzer and Bayes (1983). (These workers determined the rate 
constants as a function of pressure in N2, Ar, O2, and He. Only the N2 points were used directly in the 
evaluation, but the others are consistent.) Plumb and Ryan (1982b) report a value in He which is 
consistent within error limits with the work of Seltzer and Bayes. Pilling and Smith (1985) have 
measured this process in Ar (32-490 torr). Their low pressure limiting rate constant is consistent with 
this evaluation, but their high pressure value is a little low. Cobos et al. (1985) have made 
measurements in Ar and N2 from 0.25 to 150 atmospheres. They report parameters somewhat different 
than recommended here, but their data are reproduced well by the recommended values. The work of 
Laguna and Baughcum (1982) seems to be in the fall-off region. Results of Pratt and Wood (1984) in Ar 
are consistent with this recommendation, although the measurements are indirect. Their T- 
dependence is within our estimate. As can be seen from Patrick and Golden (1983), the above value 
leads to a very small p, -.02, and thus temperature dependence is hard to calculate. The suggested 
value has been changed from the previous evaluation to accommodate the values of Keiffer et al. (1987) 

who measure the process in Ar between 20 and 600 torr and in the range 334 < T/K < 582. Ryan and 
Plumb (1984) suggest that the same type of calculation as employed by Patrick and Golden yields a 

reasonable value of p. We have not been able to reproduce their results. The high pressure rate constant 
fits the data of Cobos et al. (1985). The temperature dependence is an estimate. (Data of van den Bergh 
and Callear (1971), Hochanadel et al. (1977), Basco et al. (1972), Washida and Bayes (1976), Laufer and 
Bass (1975), and Washida (1980) are also considered.) The fit to Keiffer et al. (1987) is very good, 
suggesting that the temperature dependence for the high pressure limit is also reasonable. 

26. C2H5 + O2. A relative rate study by Kaiser et al. (1990) yields: 
k«> = (9.2 ± 0.9) x 10' 12 cm^ molecule^s' 1 

ko = (6,5 ± 2.0) x 10' 29 cm 6 molecule"^' 1 in He at 298K and pressures between 3 and 1500 torr. Their k«> 

agrees with the value calculated by Wagner et al. (1990) (koo = 7 x 10 cm molecule s ) using 
variational RRKM theory. The extrapolation to the low pressure limit is difficult due to the complex 

o 

potential energy surface, but agrees with a Patrick and Golden (1983) type calculation using AH Q = 32.4 

kcal mol -1 . The recommended values use the calculated temperature dependence and a 2.5 times 
higher rate constant for air as the bath gas. 

27 . CH3O + NO. New Entry. The recommended values are taken from the results of Frost and Smith 
(1990b) in argon. 

Temperature dependences are from their higher temperature results. The low pressure rate constant is 
consistent with the measurement of McCaulley et al. (1990) in helium and half the value from Troe type 
calculations. A bimolecular path also exists, forming HNO + CH2O (Frost and Smith (1990b)). 

28 . CH3O + NO2- New Entry. Recommended values at 298K from the study of Frost and Smith (1990a) in 
argon. Low pressure results agree with the measurements of McCaulley et al. (1985) in helium. 
Temperature dependences are estimated. 

29 C2H5O + NO. New Entry. High pressure rate constant at 298K from Frost and Smith (1990b), Low 
pressure value estimated from a Troe calculation, and temperature dependences from similar 
reactions. 

30. C2H5O + NO2. New Entry. High pressure rate constant at 298K from Frost and Smith (1990a). Other 
values estimated from similar reactions. 
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31. CH 3 O 2 + N02- Parameters from a reasonable fit to the temperature and pressure-dependent data in 
Sander and Watson (1980) and Ravishankara et al. (1980a). The former reference reports their room- 
temperature data in the same form as herein, but they allow F c to vary. They report: 


ko = 2.33 x 10' 30 , koo = 8 x 10' 12 , F c = 0.4 


which is not a qualitatively different fit to the data at 300K. The latter reference reports temperature 
dependence as: 


ko = 2.2 x 10- 30 (T/300)' 2 - 5 , k^ = 7 x 10' 12 (T/300)- 3 - 5 , F c = 0.4 


These parameters are a better fit at all temperatures than those recommended here. We do not adopt 
them since they are not much better in stratospheric range, and they would require both a change in our 
F c = 0.6 format, and the adoption of a quite large negative activation energy for koo. 

The CODATA recommendation (Baulch et al., 1982) are: ko = 2.3 x 10' 30 (T/300)' 4 , koo = 8 x 10' 12 and 
F c = e'T/320 + e -1280/T. yielding F( . = 41 + 300 K and 54 at 20 0 K. These values do not fit the data as 
well as the current recommendations. It is interesting to note that the data require a negative T- 
dependence for similar to our HO 2 + NO 2 recommendation, and that the value of 0 at 300 K is -. 2 . 

A recent study of the reverse reaction by Zabel et al. (1989) reports: Icq/I^I = 9.0 x 10' 5 exp(-80.6 kJ 
mole'VRT) cm 3 molecule' 1 sec' 1 ; k«, = 1.1 x 10 16 exp(-87.8 kJ mole^/RT) sec' 1 

Fc = 0.4. 

The values recommended herein taken with the value of the equilibrium constant in Table 3, fit the 
data in Zabel et al. (1989) very well. 

Destriau and Troe (1990) have fit the above data to 

ko/lN2l = 2.5 x 10’ 30 (T/298)' 5 - 5 

koo = 7.5 x 10-1 2 independent of temperature 


Fc = 0.36. 


32. OH + SO 2 . Values of the rate constant as a function of pressure at 298 K from Leu (1982), 
Paraskevopoulos et al. (1983), and Wine et al. (1984). The value of the low pressure limit is from Leu 
(1982), corrected for fall-off. The high pressure limit is from a fit to all the data. 

The value of n comes from the above data combined with calculations such as those of Patrick and 
Golden (1983), except that the heat of formation of HOSO 2 is raised by 4 kcal mol”^, as suggested by the 
work of Margitan (1984). The value of m is estimated. This is not a radical -radical reaction and is 
unlikely to have a positive value of m. The limit of m = -2 corresponds to a real activation energy of ~1 
kcal mol' 1 . Earlier data listed in Baulch et al. (1980) and Baulch et al. (1982) are noted. Recent work of 
Martin et al. (1986), Barnes et al. (1986a), and Lee et al. (1990) confirm the current evaluation. 

33. OH + C2H 4 . Experimental data of Tully (1983), Davis et al. (1975), Howard (1976), Greiner (1970a), 
Morris et al. (1971), and Overend and Paraskevopolous (1977b) in helium, Atkinson et al. (1977) in 
argon, and Lloyd et al. (1976) and Cox (1975) and Klein et al. (1984) in nitrogen/oxygen mixtures, have 
been considered in the evaluation. This well-studied reaction is considerably more complex than most 
others in this table. The parameters recommended here fit exactly the same curve proposed by Klein et 
al. (1984) at 298 K. An error in the k G value has been corrected from the previous evaluation. 
Discrepancies remain and the effect of multiple product channels is not well understood. Kuo and Lee 
(1991) report very strong temperature dependence for the low pressure limit (n=4). Calculations of the 


94 



Itut^^^ at a result of — ^ ** 

prlei(0S + C 2 H 4 ) may even have a small positive barrier. The recommended hnuts encompass the 
reported values. 

34 OH + C 2 H 2 . The rate constant for this complex process has recently been re-examined by ^R Smith et 
ai (1984) in the temperature range from 228 to 1400 K, and in the pressure range 1 to 760 tonr. Their 
analyst whit is cLt in similar terms to those used here, is the source of he rate 
temperature dependences at both limits. The negative value of m reflects the fact that their analy 

includes a 1.2 kcal/mole barrier for the addition of OH to C 2 H 2 . The data 

. J p„__ /1Q741 Perrv et al (1977) Michael et al. (1980), and Perry and Williamson (1982). 

o“«data ofWilJn and Westenberg 1967), Breen and Glaa. (1971), Smith and Z.lln.r (1973), and 
Si c t “ U975) were not included. A recent .tud, b, U. et al. (1988) m general agreement wrth 

the recommendation. 

Calculations of k<> via the methods of Patrick and Golden (19830 yield values compatible with those of 
Smith et al. 

35 CFq + Oo Caralp et al. (1986) have measured the rate constant in N 2 between 1 and 10 torr. This 
supplants the value from Caralp and Lesclaux (1983). They recommend different ' 
data are well represented by the currently recommended values. Data of Ryan and Plumb (1982) are 

agreement. 


36. CF 2 C1 + 0 2 . New Entry. Values estimated from other reactions in this series. 

37 CFClo + 0 2 Values for both low and high-pressure limits at 300K are from Caralp and Usclaux (1983). 

Temperature dependences are rough estimates based on calculations and similar reactions. 

38. CC1 3 + Og. Experimental data of Ryan and Plumb (1984) and Danis et al. (1991) have been considered 
in the evaluation. Ryan and Plumb (1984) report: 


k 3 ^°(He) = (5.8±0.6)xl0- 31 ,k ^ = 2.5 x 10’ 12 with F = 0.25. 
We find a good fit to their data using F = 0.6 to yield 
k 3 ^ 0 (He) = 4 x 10' 31 , keeping k ^ = 2.5 x 10' 12 . 


The recommended value of k 3 ° 0 °(N 2 ) is 2.5 times the value in He and n=6 is selected to give a good fit to 
Danis et al.'s (1991) data. 

A Patrick and Golden (1983) type calculation using the thermochemistry of Russell et al. (1990) yields 
k 300 = 1.5 x 10‘ 30 . A value of k^ = 5 x 10' 12 has been reported by Cooper et al. (1980). 


39 CFC1 2 0 2 + N0 2 Based on experiments in 0 2 of Caralp et al. (1988), who suggest a somewhat (fifferent 

fitting Procedure, but the values recommended here fit the data just as well. Destnau and Troe (1990) 
use yet P a different fitting procedure that does not represent the date quite as well as that recommen 
herein. Reverse rate data are given by Koppenkastrop and Zabel (1991). 


40. CF 2 C10 2 + N0 2 . New Entry. Data are from Moore and Carr (1990). 
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Their measurements are consistent with others in the series, 
in this family. 


n and m are same as the other reactions 


41. CH 3 C(0)02 + NO2. New Entry. Parameters are from 

represented here, but using Fc = 0.3. Their values are: 

10' 12 , with n = 7.1 ±1.7 and m= 0.9 ± 0.15. 

42. CF3O2 + NO2. Exactly same note as 39. 

43. CCI3O2 + NO2. Exactly same note as 39. 

441 u S u N ?' Data Bnd analysis are from the work of al. (1984). The temperature dependence of 

Koo nas been estimated. 


Bridier et al. (1990) who report in the format 

300 300 

k o = (2.7 ± 1.5) x 10* 28 , k ^ = (12.1 ± 2.0) x 


45. 


46. 


47. 


48. 


49. 


CH 3 S + NO. New Entry. The recommended values are from the study by Balia et al. (1986) at 296K in 
m rogen. Temperature dependences are derived from the higher temperature results of the same study. 

Na + 02. A recent study by Plane and Rajasekhar (1989) finds k« = (2.9 ± 0.7) x 10' 30 at 300 K with n = 

If ±0 t^L a ’ 8 ° f 8t, T te k ~ = 6 * 10 ' 10 Wth 8 sHght P° sitive temperature dependence. The k G 
value is about 60% higher than that of Silver et al. (1984b). The recommended value is an average of the 
wo studies. It is consistent with the value measured by Marshall et al. (1990) at 600K. 

NaO + 02. Ager and Howard (1986) have measured the low-pressure limit at room temperature in 
several bath gases. Their value in N 2 is used in the recommendation. They performed a Troe 
calculation as per Patrick and Golden (1983) to obtain collision efficiency and temperature 

dependence. They obtained a high-pressure limit rate constant by use of a simple mocfel The 
temperature dependence is estimated. 

NS0 + C 2?\ A f er and H ° Ward (1986) haVC me * 8ured the rate constant for this process in the "fall-ofT 
regime. Their lowest pressures are very close to the low-pressure limit. The temperature dependence 

temLrlt^' ^7 an<1 H ° Ward Ca,Culate the kigh-pressure rate constant from a simple mJdel The 
temperature dependence is an estimate. 

NaOH + 0O 2j Ager and Howard (1987b) have measured the low-pressure limiting rate constant. The 
temperature dependence is an estimate. Ager and Howard have calculated the high-pressure limit 
using a simple model. The temperature dependence is an estimate. 
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EQUILIBRIUM CONSTANTS 
Format 

Some of the three-body reactions in Table 2 form products which are thermally unstable at 
atmospheric temperatures. In such cases the thermal decomposition reaction may compete with 
" S "p such as photodissociation or radical attack. Table 3 hats 
constants K(T), for eleven reactions which may fall into this category The 
Xm "entries, the first two being the parameters A and B which can be used to express KIT): 

K(T)/cm^ molecule' 1 = A exp(B/T) (200 < T < 300 K) 

The third column entry in Table 3 is the calculated value of K at 298 K 

The data sources for K(T) are described in the individual notes to Table 3. When values of 
the heats of formation and entropies of all species are known at the temperature T, we note that. 


AS rp 

log [K (T)/cm 3 molecule' 1 ] = ~ 



2.303RT 


+ log T - 21.87 


Where the superscript "o" refers to a standard state of one atmosphere. In some cases K values 
were calculated from this equation, using thermochemical data. In other cases theK va ues wer 
calculated directly from kinetic data for the forward and reverse reactmns. When available 
JANAF values were used for the equilibrium constants. The following equations were then used to 

calculate the parameters A and B: 


B/°K= 2.303 [log 


K 200 

K 300 


300 x 200 

( ) 

300-200 


= 1382 log(K2 00^300) 
log A = log K(T) - B/2.303 T 
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TABLE 3. EQUILIBRIUM CONSTANTS 


Reaction 

A/cm^ molecule* ^ 

B±AB/°K 

Keq(298 K) 

ft 298 K)a 

Note 

HO2+N02-+H02NO2 

2.1xl0' 27 

10900±1000 

H- ‘ 
h-i 

O 

1 

h-k 

5 

1 

NO + NO2 -*N2C>3 

3.0xl0' 27 

4700±100 

2.1xl0' 20 

2 

2 

NO2 + NO2 — > N2O4 

5.9X10' 29 

66001250 

2.5xl0' 19 

2 

3 

* NO2 + NO3 — > N2O5 

4.0xl0' 27 

109301500 

3.4xl0' n 

1.3 

4 

CH302 + nc >2 -» CH302NO2 

1.3X10' 28 

1120011000 

2.7xl0' 12 

2 

5 

& ci+02->cioo 

5.7X10' 25 

2500±760 

2.5xl0' 21 

2 

6 

* a0 + 02->C1002 

2.9xl0' 26 

<3700 

<7.2xl0' 21 

- 

7 

Cl + CO -» C1CO 

1.6X10' 25 

40001500 

l.lxlO' 19 

5 

8 

& CIO + CIO -* CI2O2 

3.0xl0' 27 

84501850 

6.2xl0' 15 

2 

9 

CIO + OCIO -> CI2O3 

1.6xl0' 27 

720011400 

5.0xl0' 17 

10 

10 

P + O2 — »POO 

3.2xl0' 25 

610011200 

2.5xl0' 16 

10 

11 

# OH + CS2 -> CS2OH 

4.5xl0' 23 

51401500 

1.4xl0' 17 

1.4 

12 

K/cm 3 molecule' 1 = A exp (B/T) [200 < T/K < 300] 

ft 298) is the uncertainty factor at 298 K. To calculate the uncertainty at other temperatures use the 
expression: * 


«T) = fl298K)exp(AB I ^ ' 298 1 >• 


* Indicates a change from the previous Panel evaluation (JPL 90-1). 
& Indicates a change in the Note. 

# Indicates a new entry that was not in the previous evaluation. 
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jMfYTRR TO TABLE 3 


H09 + NOo The value was obtained by combining the data of Sander and Peterson (1984) for the rate 
constant of the reaction as written and that of Graham et al. (1977) for the reverse reaction. Prom the 
equilibrium constant, it may be inferred that the thermal decomposition of H0 2 N0 2 is unimportant in 
the stratosphere, but it is important in the troposphere. 

NO + NOo The data are from JANAF. This process is included because a recent measurement of the 
rate constant by Smith and Yarwood (1986) shows that it is too slow to be an important rate process but 
there will be some equilibrium concentration present. 

N0 2 + N0 2 . The data are from JANAF. Recent rate data for this process are reported by Brunning et 
al. (1988), Borrell et al. (1988) and Gozel et al. (1984). 

NOo + NO3. The recommendation is an average of the temperature dependence data of Burrows et al 
(1985c) and Cantrell et al. (1988), and the room temperature data of Tuazon et al. (igSSI Perner et al. 
(1985) and Hjorth et al. (1992). The entry in Table 3 is not exactly equivalent to the ratio of the forwar 
rate constant from Table 2 and the reverse rate constant from the data of Connell and Johnston (1979) 
and Viggiano et al. (1981). However, there is agreement within experimental error over the range of 

mutual measurement. 

CH 3 0 2 + N0 2 . Thermochemical values at 300 K for CH 3 0 2 N02 and CH 3 0 2 are from Baldwin (1982). 

In the absence of data AH° and AS 0 were assumed to be independent of temperature. Bahta et al . (1982) 

at 263 K. Using th. value, of Wrecombination) .ugge.ud m .hi. 

evaluation, they compute K(263) = (2.68 ± 0.26) x 10' 10 cm 3 . Our values predict 3.94 x 10 cm , in good 
agreement. 

Zabel et al. (1989) have measured k(dissociation) as a function of pressure and temperature. (See Note 
25 Table 2) Their values are in good agreement with Bahta et al. (1982) and taken together with 
k(recombination) would lead to A = 5.2 x 10-28 and B = 10,766 This is sufficiently close to the value in 
Table 3 to forgo any change in parameters, but the uncertainty has been reduce . 

Cl + 0 2 . Baer et al. (1991) determined K in the temperature range 180 to 300K. Their value at 185.4 K 
(5 23 x 10' 19 cm 3 molecule' 1 ) compares well with the Nicovich et al. (1991) measurement K = 4.77 x 
10' 19 cm 3 molecule' 1 , and within error with the Mauldin et al. (1992) value of 2.55 x 10 cm 
molecule' 1 . A different expression for K by Avallone et al. (1991) gives S° 298 (ClOO) = 61.8 cal K' 
mol' 1 and AH° (ClOO) = 23.3 kcal mol' 1 . Using known thermochemistry for Cl and 0 2 and 

computed entropy ^values for ClOO, AH f>29 8 (ClOO) = 23.3 ±0.6 kcal mole' 1 is obtained from the 
Nicovich et al. (1991) data. The value of S« 298 (ClOO) = 64.3 cal mole' 1 K' 1 used is computed from a 
structure with a 105‘ bond angle and Cl-0 and 0-0 bond lengths of 1.73 and 1.30 A respectively. 
Frequencies of 1441, 407 and 373 cm' 1 are from Arkell and Schwager (1967). Symmetry number is 1 
and degeneracy is 2. 


7 CIO + 0 2 . DeMore (1990) reports K <4 x 10' 18 cm 3 molecule' 1 at 197K. His temperature dependence of 
the equilibrium constant is estimated using S° 298 (C10 0 2 ) = 73 cal mol^K' 1 and AH° 298 < 7.7 kcal 
mol' 1 . A higher value of K has been proposed by Prasad (1980), but it requires S°(C10-0 2 ) to be about 83 
cal mol' 1 K' 1 , which seems unreasonably high. Carter and Andrews (1981) found no experimental 
evidence for C10 0 2 in matrix experiments. 

8 . Cl + CO. From Nicovich et al. (1990a) who measured both k and K between 185 and 260K in N 2 . They 
report AHf )298 (C1CO) = -5.2 ± 0.7 kcal mole' 1 . 

9 . CIO + CIO. The value is from Cox & Hayman (1988). The corresponding second law entropy of the 
dimer is 74 cal mol’ 1 K' 1 and AHf = 31.5 kcal mol' 1 . Previous work of Cox and Derwent (1979) and 
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Hayman et al. (1986) is noted. The ab initio frequencies of McGrath et al (1990) 
the resulting parameters for K(T) are indistinguishable from those in the Table. 


give a lower entropy; 


10. CIO + OCIO. Data is taken from Hayman and Cox (1989). They deduce AHf (C1 2 0 3 ) = 34 ± 3 kcal 
mole' 1 and S 0 (C1 2 0 3 ) = 80 ± 12 cal mole' 1 °K _1 - 


11 . 


F + 0 2 . Calculated from JANAF thermochemical values except for AHf 2 gg(F0 2 ) = 6.24 ± 0.5 kcal 

mole- 1 . The latter was taken from Pagsberg et al. (1987). This direct measurement, which falls 
between the earlier disputed values, would seem to settle that controversy, but (see Note 21 of Table 2) the 
calculated value of Kq is not in good agreement with the experiment. 


12. OH + CS 2 . New Entry. Average of the concordant recent measurements of Murrells et al. (1990) and 

au and Lee (1991) between 249 and 298K. The measurements of Hynes et al. (1988) indicate a less 
stable adduct, but agree within combined experimental error. 
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PHOTOCHEMICAL DATA 
Discussion of F o rmat and Error Estimate s 

In Table 4 we present a list of photochemical reactions considered to be of stratospheric 
interest. Th^absorX cross sections of 0 2 and 0 3 largely determine the extent of Penetration of 
solar radiation into the stratosphere and troposphere. Some comments and references to these 
cross sections are presented in the text, but only a sample of the data is listed here (See 
example WMO Report #11, 1982; WMO-NASA, 1985.) The photodissociation of NO in the 0 2 
Schumann-Runge band spectral range is another important process requiring special treatment 
and is not discussed in this evaluation (see, for example, Frederick and Hudson, 1979, Alle 
Frederick, 1982; and WMO Report #11, 1982). 

For some other species having highly structured spectra, such as CS 2 and S0 2 , some 
comments are given in the text, but the photochemical date are not presented The species » C 2 ! , 
NOo N0 3 CIO, BrO, and OCIO also have complicated spectra, but in view of their importance for 
atmospheric chemistry a sample of the data is presented in the evaluation; for more detailed 
information on their high-resolution spectra and temperature dependence, the reader is referred to 

the original literature. 

Table 5 gives recommended reliability factors for some of the more important photochemical 
reactions. These factors represent the combined uncertainty in cross sections and quantum 
yields, taking into consideration the atmospherically important wavelength regions, and they 
refer to the total dissociation rate regardless of product identity (except in the case of 0( D) 
production from photolysis of O 3 ). 

The error estimates are not rigorous numbers resulting from a ^tailed error propagation 
analysis of statistical manipulations of the different sets of literature va ues, ey y 

represent a consensus among the panel members as to the reliability of the data for atmospheric 
photodissociation calculations, taking into account the difficulty of the measurements, the 
agreement among the results reported by various groups, etc. 

The absorption cross sections are defined by the following expression of Beer's Law. 


I = I 0 exp(-anl), 


where I 0 and I are the incident and transmitted light intensity, respectively; c is the absorption 

cross section in cm 2 molecule' 1 ; n is the concentration in molecule cm' 3 , and 1 is the pathlength in 
cm. The cross sections are room temperature values at the specific wavelengths listed in the table, 
and the expected photodissociation quantum yields are unity, unless otherwise stated. 
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Table 4 . Photochemical Reactions 


* 02 + hv->0 + 0 

& O3 + hv O2 + 0 

* O3 + hv O2 + O^D) 

* HO2 + hv — > products 

* H2O + hv — > H + OH 
H2O2 + hv -> OH + OH 
NO + hv N + O 
NO2 + hv -> NO + O 
NO3 + hv -» products 

& N2O + hv — » N2 + 0 ( 1 D) 
N2O5 + hv — > products 
NH3 + hv NH2 + H 

* HONO + hv OH + NO 
& HNO3 + hv -> OH + NO2 

HO2NO2 + hv — * products 
Cl 2 + hv -4 Cl + Cl 
& CIO + hv -» Cl + 0 

* ClOO + hv — > products 
& OCIO + hv -> 0 + CIO 

* CIO3 + hv — > products 

* CI2O + hv — > products 
& CI2O2 + hv — > products 

* CI2O3 + hv — > products 

* CI2O4 + hv — » products 

* Cl20g + hv — > products 
HC 1 + + hv H + Cl 
HOC 1 + hv -> OH + Cl 
C 1 NO + hv -> Cl + NO 
CINO2 + hv — > products 
CIONO + hv — > products 

& CIONO2 + hv — > products 
CCI4 + hv — > products 
CCI3F + hv — > products 
CCI2F2 + hv — > products 

* CHCIF2 + hv — > products 
CH3CI + hv — > products 

* CF2CICFCI2 + hv — » products 


# CF2CICF2CI + hv — > products 

# CF3CF2CI + hv — > products 
CH3CF2CI + hv — > products 

* CF3CHCI2 + hv — > products 
CF3CHFCI + hv — > products 

* CH3CFCI2 + hv — » products 
CH3CCI3 + hv — > products 

# CF3CF2CHCI2 + hv — » products 

# CF2CICF2CHFCI + hv — > products 

* CF3Br + hv — > products 

* CF2Br2 + hv — > products 

* CF2ClBr + hv — > products 

* CF2BrCF2Br + hv —> products 

# CH3Br + hv — > products 

# CHBr3 + hv — > products 
CF4 + hv — > products 
C2F6 + hv products 
SFg + hv —> products 
CCI2O + hv — > products 
CC 1 FO + hv — > products 
CF2O + hv — > products 
BrO + hv — » products 
Br0N02 + hv — > products 
HF + hv H + F 

C 0 + hv-»C +0 (1) 

C02 + hv->C 0 + 0 (1) 

CH4 + hv — » products (2) 

K CH2O — » products 

CH3OOH + hv — > products 
HCN + hv — > products 
CH3CN + hv — » products 
SO2 + hv -> SO + O 
OCS + hv CO + S 
H 2 S + hv -> HS + H 
CS2+ hv — » products 
NaCl + hv -> Na + Cl 
NaOH + hv Na + OH 


( 1 ) 

( 2 ) 

# 

* 

& 


Hudson and Kieffer (1975). 

Turco (1975). 

New Entry. 

Indicates a change in the recommendation from the 
Indicates a change in the note. 


previous evaluation. 
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Table 5 . Combined Uncertainties for Cross Sections and Quantum Yields 


Species Uncertainty 


O2 (Schumann-Runge bands) 

1.2 

O2 (Continua) 

1.2 

O3 (Cross Sections Only) 

1.1 

Os-tcxta) 

1.2 

NO2 

1.2 

no 3 

2.0 

N2O 

1.2 

N2O5 

2.0 

h 2 o 2 

1.3 

HN 03 

1.3 

H02N02 

2.0 

ch 2 o 

1.4 

HC 1 

1.1 

HOC 1 

1.4 

CIONO2 

1.3 

CCI4 

1.1 

CCI3F 

1.1 

CC 1 2 F 2 

1.1 

CH3CI 

1.1 

cf 2 o 

2.0 

CH300H 

1.5 

Br 0 N 0 2 

1.4 

CF 3 Br 

1.3 

CF 2 ClBr 

2.0 

CF 2 Br 2 

2.0 

C 2 F4Br 2 

2.0 
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©2 + hv -> O + O 


The photodissociation of molecular oxygen in the stratosphere is due primarily to absorption 
of solar radiation in the 200-220 nm wavelength region, i.e., within the Herzberg continuum. The 
185-200 nm region-the O 2 Schumann-Runge band spectral range— is also very important, since 
solar radiation penetrates efficiently into the stratosphere at those wavelengths. 

Frederick and Mentall (1982), Herman and Mentall (1982) and Anderson and Hall (1983, 
1986) estimated O 2 absorption cross sections from balloon measurements of solar irradiance in the 
stratosphere. These authors find the cross sections in the 200-210 nm range to be -35% smaller 
than the smallest of the older laboratory results, which are those of Shardanand and Prasad Rao 
(1977). The more recent laboratory studies (Johnston et al., 1984; Cheung et al., 1984, 1986; 
Jenovrier et al., 1986) confirm the lower values obtained from solar irradiance measurements. 
The recommended absorption cross section values between 205 and 240 nm are listed in Table 6; 
they are taken from Yoshino et al. (1988b), and are based on the recent laboratory measurements. 


Table 6. Absorption Cross Sections of O 2 Between 205 and 240 nm 


X 

(nm) 

lO^ 4 ct 

(cm^) 

X 

(nm) 

lO^ 4 a 

(cm^) 

205 

7.35 

223 

3.89 

206 

7.13 

224 

3.67 

207 

7.05 

225 

3.45 

208 

6.86 

226 

3.21 

209 

6.68 

227 

2.98 

210 

6.51 

228 

2.77 

211 

6.24 

229 

2.63 

212 

6.05 

230 

2.43 

213 

5.89 

231 

2.25 

214 

5.72 

232 

2.10 

215 

5.59 

233 

1.94 

216 

5.35 

234 

1.78 

217 

5.13 

235 

1.63 

218 

4.88 

236 

1.48 

219 

4.64 

237 

1.34 

220 

4.46 

238 

1.22 

221 

4.26 

239 

1.10 

22 2 

4.09 

240 

1.01 


The studies of the penetration of solar radiation in the atmosphere in the Schumann-Runge 
wavelength region were based originally on laboratory measurements of cross sections which 
were affected by instrumental parameters due to insufficient spectral resolution. Yoshino et al. 
(1983) reported high resolution O 2 cross section measurements at 300 K, between 179 and 202 nm, 
obtaining the first set of results which is independent of the instrument width. Additional studies 
at other temperatures, wavelengths and isotopic compositions have been carried out by Yoshino et 
al. (1984; 1987; 1988a; 1989; 1990), Lewis et al. (1986a, b), Cheung etal. (1990) and Chiu etal. (1990). 
Minschwaner et al. (1992) have fit temperature dependent O 2 cross sections between 175 and 204 
nm with polynomial expressions, providing accurate means of determining the Schumann- 
Runge band cross sections with a model that incorporates the most recent laboratory data. Coquart 
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et al. (1990) have reported Herzberg continuum absorption cross sections in the wavelength region 
196-205 nm of the Schumann-Runge bands. 

For parameterization of the 0 2 absorption in the Schumann-Runge bands used in 
atmospheric modeling calculations see, e.g., the review in WMO (1985). More recent work by 
Murtagh (1988), Nicolet and Kennes (1989) and Minschwaner and Salawitch (private 
communication, 1992) incorporates results of the later laboratory ™ aSur ^ 
schemes for computing broad-band transmission and photolysis rates. Tran f™ ,ss, ; n f J a '^ 
obtained by Murtagh (1988) agree well with the WMO (1986) recommendations although the high 
resolution ^alculatfon s of MinShwaner and Salawitch differ with the WMO values by as much as 
10 - 20% at some wavelengths. 

In view of the quality of the high resolution laboratory measurements, the primal^ source of 
uncerUini, in X 0 2 photolysis in the Schumann-Runge bands (other than the tssue of 
absolute solar irradiance) has shifted to the choice of broadband parameterization. 

O3 + hv -» O + O2 

The 0 3 absorption cross sections and their temperature dependence have been measured by 
several groups. For a review see WMO-NASA, 1985; this reference should be consulted to obtain 
data for^tmospheric modeling calculations. Table 7 lists merely a sample of the ^ ^ 
thi? review namely the 273 K cross section values averaged over the wavelength intervals 
commonly employed in modeling calculations, except for the wavelength range 185 to 225 n 
where the present recommendation incorporates the averaged values from the recent work 0 
Molina and Molina (1986); the older values were based on the work of Inn and Tanaka ( )• 

temperature effect Is negligible for wavelength, shorter than -260 nm. Recent wo* by - Mauer,- 
berger et al. (1986, 1987) yields a value of 1137 » 10-20 cm 2 for the cross section at 253/7 nm. the 
mercury line wavelength; it is about 1% smaller than the commonly accepted value of 1147 x l ° 
cm2 sported by Hearn (1961), and about 2% smaller than the value obtamed by Molina and Molina 
(1986) 1157 x 10- 20 cm 2 ; see also Barnes and Mauersberger (1987) The reason for the smal 
discrepancy, which appears to be beyond experimental precision, ^ unclear. Cacciani et aL (1989) 
reDorted measurements of the ozone cross sections in the wavelength range from 339 to 355 nm, in 
reasonable agreement with the present recommendation; the same group has measured recen y 
the cross sections in the 590-610 nm region, at 230 K and at 299 K (Amoruso et al„ 1990). 
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175 . 439 - 176.991 81.1 

176.991 - 178.571 79.9 

178 . 571 - 180.180 78.6 

180 . 180 - 181.818 76.3 

181.818 - 183.486 72.9 

183 . 486 - 185.185 68.8 

185 . 185 - 186.916 62.2 

186 . 916 - 188.679 57.6 

188.679 - 190.476 52.6 

190.476 - 192.308 47.6 

192.308 - 194.175 42.8 

194 . 175 - 196.078 38.3 

196.078 - 298.020 34.7 

198.020 - 200.000 32.3 

200.000 - 202.020 31.4 

202.020 - 204.082 32.6 

204 . 082 - 206.186 36.4 

206 . 186 - 208.333 43.4 

208.333 - 210.526 54.2 

210 . 526 - 212.766 69.9 

212 . 766 - 215.054 92.1 

215.054 - 217.391 119 

217.391 - 219.780 155 

219.780 - 222.222 199 

222.222 - 224.719 256 

224.719 - 227.273 323 

227.273 - 229.885 400 

229.885 - 232.558 483 

232.558 - 235.294 579 

235.294 - 238.095 686 


238.095 - 240.964 797 

240.964 - 243.902 900 

243.902 - 246.914 1000 

246.914 - 250.000 1080 

250 . 000 - 253.165 1130 

253 . 165 - 256.410 1150 

256 . 410 - 259.740 1120 

259 . 740 - 263.158 1060 

263 . 158 - 266.667 965 

266 . 667 - 270.270 834 

270.270 - 273.973 692 

273 . 973 - 277.778 542 

277.778 - 281.690 402 

281 . 690 - 285.714 277 

285 . 714 - 289.855 179 

289 . 855 - 294.118 109 

294 . 118 - 298.507 62.4 

298.507 - 303.030 34.3 

303 . 030 - 307.692 18.5 

307.692 - 312.5 9.80 

312 . 5 - 317.5 5.01 

317 . 5 - 322.5 2.49 

322.5 - 327.5 1.20 

327 . 5 - 332.5 0.617 

332.5 - 337.5 0.274 

337 . 5 - 342.5 0117 

342 . 5 - 347.5 0.0588 

347.5 - 352.5 0.0266 

352.5 - 357.5 0.0109 

357.5 - 362.5 0.00549 
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The quantum yields for O^D) production, 0(0*0) for wavelengths near 310 nm, ne the 
energetic threshold or fall-off region, have been measured mostly relative to quantum yields for 
wavelengths shorter than 300 nm, which were assumed to be unity. There are several studies 
which indicate that this assumption is not correct: Fairchild et al. (1978) observed approximate y 
10% of the primary photolysis products in the ground state channel, that is 0(0 P) -0.1, at 274 nm: 
Sparks et al. (1980) also report O(0 3 P) -0.1, at 266 nm; according to Brock and Watson (1980b) 
O(0*D) = 0 88 at 266 nm; Amimoto et al. (1980) report O(0*D) = 0.85 at 248 nm, and Wine and 
Ravishankara (1982) measured directly O(0*D) = 0.9 at 248 nm. There are also some indications 
that (0*D) decreases slightly between 304 and 275 nm (see Brock and Watson, 1980a, b). 
Turnipseed et al. (1991b) report 0(0*0) = 0.87±0.04 at 222 nm and 0.46±0 29 at 193 nm. The 
photochemistry of ozone has been reviewed by Wayne (1987) and by Steinfeld et al. (1987). Table 8 
presents a polynomial expression for the (0*D) quantum yield as a function of wavelength and 
temperature in the fall-off range, 305 to 320 nm. The upper limiting value of 0(0 D) at 305 nm is 
taken as 0.95, in view of the above-mentioned evidence for a less than unit value, but with a s lg 
maximum near 305 nm. 


The recommendations of Table 8 are based on the high resolution laser data of Arnold et al. 
(1977), Brock and Watson (1980b), and Trolier and Wiesenfeld (1988). An exception is that the 
"tail" sometimes seen in the laser experiments at longer wavelengths has been eliminated, on t e 
grounds that it is not reproduced in the monochromator experiments and may be an artifact. 
Temperature dependence in the present recommendation is based on the monochromator 
experiments of Moortgat and Kudzus (1978). 

The uncertainty in the quantum yield values for atmospheric modeling purposes is 
estimated in Table 5 as 1.2. However, considering the importance of the process additiona lg 
resolution measurements should be carried out in the fall -off region (the Huggins bands) for cross 
sections, quantum yields and their temperature dependency. 


Table 8. Mathematical Expression for 0(*D) Quantum Yields, O, in the Photolysis of O3 

in the Wavelength Region 305 to 320 nm. 


&(X, T) = ao(t) + ai(x)x + a2(x)x 2 + a3(x)x 3 + a4(x)x 4 + a5(x)x 5 + a6(x)x* 


where x = (X -305) and x = (298-T(K)) and 


ao = .94932 - 1.7039* 10' 4 x + 1.4072* 10 6 x 2 
ai = -2.4052* 10' 2 + 1.0479* 10' 3 x - 1.0655* 10' 5 x 2 
a2 = 1.8771 *10- 2 - 3.6401 *10- 4 x- 1.8587* 10 5 x 2 
33 = 1.454* 10‘ 2 - 4.7787* 10‘ 5 x + 8.1277* 10' 6 x 2 
a4 = 2.3287 *10‘ 3 + 1.9891* 10' 5 x - 1.1801* 10 6 x 2 
35 = -1.4471* 10‘ 4 - 1.7188* 10' 6 x + 7.2661* lO' 8 ! 2 
ag = 3.183* IQ’ 6 + 4.6209*10- 8 x - 1.6266*10- 9 x 2 


If 4>(X,T) < 0.02 then let 4>(X,T) = 0. For X >320 nm, (J)(X,T) = 0. 
Expression is valid for the temperature range 220-300 K. 
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H2O + hv -> H + OH 


Water vapor has a continuum absorption spectrum at wavelengths longer than 145 nra, with 
a maximum around 165 nm, the cross sections falling off rapidly toward longer wavelengths' the 
photodissociation threshold occurs at 246 nm. Below 69 nm the spectrum is also a continuum,’ and 
etween 69 and 145 nm it consists of diffuse bands. In the atmosphere water vapor is 
photodissociated mainly by the solar Lyman alpha line (121.6 nm). 

The absorption cross sections and the photochemistry of water vapor have been reviewed, for 

example, by Hudson (1971; 1974), by Hudson and Kiefer (1975); by Calvert and Pitts (1966c)- and by 
Okabe (1978). ’ 

The recommended absorption cross sections are taken from the review by Hudson and 
Kiefer (1 975) and are listed in Table 9 between 175 and 190 nm. At these wavelengths the quantum 
yield for production of H and OH is unity. At shorter wavelengths H 2 and O are also formed as 

primary products; Stief et al. (1975) report a quantum yield of 0.11 for this process between 105 and 
145 nm. 


Table 9. Absorption Cross Sections of H 2 O Vapor 


X(nm) 

lO^a(cm^) 

175.5 

262.8 

177.5 

185.4 

180.0 

78.1 

182.5 

23.0 

185.0 

5.5 

186.0 

3.1 

187.5 

1.6 

189.3 

0.7 


HO2 + hv -> OH + O 


The absorption cross sections of the hydroperoxyl radical, HO 2 , in the 200-250 nm region 
have been measured at room temperature by Paukert and Johnston (1972), Hochanadel et al (1972- 
1980), Cox and Burrows (1979), McAdam et al. (1987), Kurylo et al. (1987a), Moortgat et al (1989)’ 
Dagaut and Kurylo (1990), by Lightfoot and Jemi-Alade (1991), who measured the cross sections up 
to 777 K, and by Crowley et al. (1991); and by Sander et al. (1982) at 227.5 nm. There are 
significant discrepancies in the cross section values, particularly around 200 nm; no definitive 
explanation of the differences can be offered at present. 

„. Table 10 listS the recomm ended cross sections, which are taken from the review by 
Walhngton et al. (1992). Photolysis of HO 2 in the stratosphere and troposphere is slow and can be 

neglected, but the UV absorption cross sections are important in laboratory studies of reaction 
kinetics. 
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Lee (1982) has detected O^D) as a primary photodissociation product at 193 and at 248 nm, 
with a quantum yield which is about 15 times larger at the longer wavelength. The absolute 

quantum yield for O^D) production has not been reported yet. 

Table 10. Absorption Cross Sections of HO2 


l(nm) 

1020a(cm2) 

190 

387 

200 

458 

210 

454 

220 

373 

230 

245 

240 

135 

250 

60 


H2O2 + hv -> OH + OH 

The recommended 298 K absorption cross section values, listed in Table 11 are the mean . of 
the data of Lin et al. (1978b), Molina and Molina (1981), Nicovich and Wine (1988), and Vaghjiam 
and Ravishankara (1989b). Molina and Molina (1981) supersedes the earlier results of Molina et 
al (1977a) Nicovich and Wine measured the cross sections at X > 230 relative to the values at 
202.6, a = 4.32 x 10-19 cm 2 > and at 228.8 nm, a = 1.86 x lO'^ cm2. The values are within 2% of the 
recommended value. 


Table 11. Absorption Cross Sections of H2O2 Vapor 


l(nm) 

1020o(cm 

2 ) 

X(nm) 

lO^aCcm 

2 ) 

298 K 

355 K 

298 K 

355 K 

190 

67.2 


270 

3.3 

3.5 

195 

56.4 


275 

2.6 

2.8 

200 

47.5 


280 

2.0 

2.2 

205 

40.8 


285 

1.5 

1.6 

210 

35.7 


290 

1.2 

1.3 

215 

30.7 


295 

0.90 

1.0 

220 

25.8 


300 

0.68 

0.79 

225 

21.7 


305 

0.51 

0.58 

230 

18.2 

18.4 

310 

0.39 

0.46 

235 

15.0 

15.2 

315 

0.29 

0.36 

240 

12.4 

12.6 

320 

0.22 

0.27 

245 

10.2 

10.8 

325 

0.16 

0.21 

250 

8.3 

8.5 

330 

0.13 

0.17 

255 

6.7 

6.9 

335 

0.10 

0.13 

260 

5.3 

5.5 

340 

0.07 

0.10 

265 

4.2 

4.4 

345 

0.05 

0.06 




350 

0.04 

0.05 
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Nicovich and Wine have measured the temperature dependence of these cross sections. 
They expressed the measured cross sections as the sum of two components; a\, due to absorption 
from H2O2 which has the 0-0 stretch excited and the other ao, due to absorption by ground state 
molecules. For atmospheric calculations the expression given in Table 12 may be used The 
photodissociation quantum yield is believed to be unity. At and above 248 nm, the major 
photodissociation process is that leading to OH, i.e., the quantum yield for OH production is 2 
(Vaghjiani and Ravishankara, 1990 and Vaghjiani et al, 1992). 


Table 12. Mathematical Expression for Absorption Cross Sections of H2O2 
as a Function of Temperature 


10 21 oO,T) = X n ! o An X n + (1-x) I. B n X n 
Where T: temperature Kelvin; X: nm; X = U + exp (-1265/T)]' 1 


Ao = 6.4761 x 10 4 

Bo = 6.8123 x 10 3 

Ai = -9.2170972 x 10 2 

Bi = -5.1351 x 10 1 

A2 = 4.535649 

B2 = 1.1522 x 10 1 

A3 = -4.4589016 x IO- 3 

B3 = -3.0493 x 10- 5 

A4 = -4.035101 x 10- 6 

B4 = -1.0924 x IQ' 7 

A5 = 1.6878206 x 10’ 7 


Aq = -2.652014 x lO' 10 


A7 = 1.5534675 x 10' 13 



Range 260-350 nm; 200-400 K 


NO2 + hv NO + O 

Earlier recommendations for the absorption cross sections of nitrogen dioxide were taken 

W! « e 7 riVo f « B r S r Ct l ' (19?6 !' M r reCent measurements have been reported by Schneider et 
7 ' 1 ol ’ 1 77 ? ^ f ° r he ran £ e from 200 to 700 nm; and by Davidson et al. (1988) 

from 270 to 420 nm, in the 232-397 K temperature range. At room temperature the agreement 
between these three sets of measurements is good; within 5 % between 305 and 345 nm, and within 
10% at the longer wavelengths. The agreement is poor below room temperature, as well as at the 
shorter wavelengths. A possible cause for the discrepancies is the presence of N2O4. The 
corrections needed to account for the presence of this species are largest around 200 nm where it 
absorbs strongly. The corrections are also large at the lowest temperatures, because a significant 
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fraction of the N0 2 forms N 2 0 4 - On the other hand, there is no error apparent in the corrections 
carried out by Bass et al., so that the reason for the discrepancy is not clear. 

Table 13 lists the recommended absorption cross ‘ th^wfvelen^ ron^froiTloO 

intervals used for atmospheric photodissoem loncacu • temperature effect is 

to 274 nm the values are taken from Schneider et values are taken from 

negligible. For the 274 to 420 nm region the temperature-dependent 

Davidson et al. (1988). 


Table 13. Absorption Cross Sections of N0 2 


X 

(nm) 


1020 <j, average at 25°C X 
cm 2 molecule'* 


lO^O a, average at 0°C 10^^ a 

(cm 2 molecule' 1 ) (cm 2 molecule' 1 degmT_)_ 


202.02 - 204.08 41.45 

204.08 - 206.19 44.78 

206.19 - 208.33 44.54 

208.33-210.53 46.41 

210.53 - 212.77 48.66 

212.77- 215.06 48.18 

215.06 - 217.39 50.22 

217.39 - 219.78 44.41 

217.78- 222.22 47.13 

222.22 - 224.72 37.72 

224.72 - 227.27 39.29 

227.27 - 229.89 27.40 

229.89 - 232.56 27.78 

232.56 - 235.29 16 89 

235.29-238.09 16 18 

238.09 - 240.96 8.812 

240.96-243.90 7.472 

243.90 - 246.91 3.909 

246.91 - 250.00 2.753 

250.00 - 253.17 2.007 

253.17 - 256.41 1-973 

256.41-259.74 2.111 

259.74-263.16 2.357 

263.16 - 266.67 2.698 

266.67 - 270.27 3.247 

270.27 - 273.97 3.785 


273.97 - 

277.78 

5.03 

277.78 - 

281.69 

5.88 

281.69- 

285.71 

7.00 

285.71 - 

289.85 

8.15 

289.85 - 

294.12 

9.72 

294.12- 

- 298.51 

11.54 

298.51 ■ 

• 303.03 

13.44 

303.03 

- 307.69 

15.89 

307.69 

- 312.50 

18.67 

312.5 

- 317.5 

21.53 

317.5 

- 322.5 

24.77 

322.5 

- 327.5 

28.07 

327.5 

- 332.5 

31.33 

332.5 

- 337.5 

34.25 

337.5 

-342.5 

37.98 

342.5 

-347.5 

40.65 

347.5 

- 352.5 

43.13 

352.5 

- 357.5 

47.17 

357.5 

- 362.5 

48.33 

262.5 

- 367.5 

51.66 

367.5 

- 372.5 

53.15 

372.5 

- 377.5 

55.08 

377.5 

- 382.5 

56.44 

382.5 

- 387.5 

57.57 

387.5 

- 392.5 

59.27 

392.5 

- 397.5 

58.45 

397.5 

- 402.5 

60.21 

402.5 

- 407.5 

57.81 

407.5 

- 412.5 

59.99 

412.5 

-417.5 

56.51 

417.5 

- 422.5 

58.12 


0.075 

0.082 

-0.053 

-0.043 

-0.031 

-0.162 

-0.284 

-0.357 

-0.536 

- 0.686 

-0.786 

-1.105 

-1.355 

-1.277 

-1.612 

-1.890 

-1.219 

-1.921 

-1.095 

-1.322 

- 1.102 

-0.806 

-0.867 

-0.945 

-0.923 

-0.738 

-0.599 

-0.545 

-1.129 

0.001 

-1.208 


. The quantity a is the temperature coefficient of a as defined in the equation <*t> = o<0’> tart 
where t is in degrees Celsius. 
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earlier by Jones and Bayes" (1973). \he recoxL^ 'listed in’ VabTe^ 

are in agreement with the recommendation of Gardner et al (1987V tt,J! k’ , ted Tabl * 14 ’ 
to the data of Gardner et al (1987} fnr i Jlu 1 ; (1987) ’ the y are based on a smooth fit 

fnr 997 Aon , e [ a | <. iya7 ' for th e wavelength range from 334 to 404 nm- Harker et al (19771 
for 397-420 nm (corrected for cross sections)- Davenoort (19781 fnr Ann a™ it U977) 

Baves (1973) far 9Q7 419 tv 4. J venport uy/oj tor 400-420 nm; and Jones and 

zsz ritt r ? 2 in 1,16 

estimates based on this recommendation thai with the earber one ^ **“" mth the0retical 


Table 14. Quantum Yields for NO 2 Photolysis 


X, nm 


c 


‘D A., nm 




<285 

1.000 

290 

0.999 

295 

0.998 

300 

0.997 

305 

0.996 

310 

0.995 

315 

0.994 

320 

0.993 

325 

0.992 

330 

0.991 

335 

0.990 

340 

0.989 

345 

0.988 

350 

0.987 

355 

0.986 

360 

0.984 

365 

0.983 

370 

0.981 

375 

0.979 

380 

0.975 

381 

0.974 

382 

0.973 

383 

0.972 

384 

0.971 

385 

0.969 

386 

0.967 

387 

0.966 

388 

0.964 

389 

0.962 

390 

0.960 

391 

0.959 

392 

0.957 


393 

0.953 

394 

0.950 

395 

0.942 

396 

0.922 

397 

0.870 

398 

0.820 

399 

0.760 

400 

0.695 

401 

0.635 

402 

0.560 

403 

0.485 

404 

0.425 

405 

0.350 

406 

0.290 

407 

0.225 

408 

0.185 

409 

0.153 

410 

0.130 

411 

0.110 

412 

0.094 

413 

0.083 

414 

0.070 

415 

0.059 

416 

0.048 

417 

0.039 

418 

0.030 

419 

0.023 

420 

0.018 

421 

0.012 

422 

0.008 

423 

0.004 

424 

0.000 
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NC>3 + hv -> NO + O 2 (d>l) 
->N02 + 0 (<D2) 


The absorption cross sections of the nitrate free radical, NO3, have been studied by (1) 
Johnston and Graham (1974); (2) Graham and Johnston (1978); (3) Mitchell et , al. (1980 ^ (4) 
Marinelli et al. (1982); (5) Ravishankara and Wine (1983); (6) Cox et aU 1984a); (7) Burrows et al. 
(1985b); (8) Ravishankara and Mauldin (1986); (9) Sander (1986); (10) Cantrel et al. (1987a); .and 
(11) Canosa-Mas et al. (1987). The 1st and 4th studies required calculation of the NO3 
concentration by modeling a complex kinetic system. The other studies are more direct and t e 
results in terms of integrated absorption coefficients are in good agreement. The recommended 
value at 298 K and 662 nm, (2.00 ± 0.25)xl0' 17 cm 2 , is the average of the results of studies (4) (5) 
and (7) through (11). The values in the wavelength range 600-670 nm, shown in Figure 2 and listed 
in Table 15, were calculated using the spectra measured in studies (8), (9) and (11), and 
normalizing the 662 nm value to the above average. The spectra obtained in other studies are 
consulted for a more extended wavelength range. The temperaturedependence of the 662 nm band 
has been studied by Ravishankara and Mauldin (1986), Sander (1986) and Cantrell et al. (1987a), 
while the first two investigators observe the cross section at 662 nm to increase with decreasing 
temperature, Cantrell et al. (1987a) found no measurable temperature dependence. The reason for 
this discrepancy is not clear. 

The quantum yields d>l and d>2 have been measured by Graham and Johnston (1978), and 
under higher resolution by Magnotta and Johnston (1980), who report the product of the cross section 
times the quantum yield in the 400 to 630 nm range. The total quantum yield value, *1 + *2 . 
computed from the results of this latter study and the cross sections of Graham and Johnston (1978), 
is above unity for X <610 nm, which is, of course, impossible. Hence, there is some systematic 
error and it is most likely in the primary quantum yield measurements Magnotta and Johnston 
(1980) and Marinelli et al. (1982) have discussed the probable sources of this error, but the question 
remains to be resolved and further studies are in order. At present, the recommendation remains 
unchanged, namely, to use the following photodissociation rates estimated by Magnotta and 
Johnston (1980) for overhead sun at the earth's surface. 


Jl(NO + O2) = 0.022 s 


-1 


J2(NC>2 + 0) = 0.18 s- 1 . 

The spectroscopy of NO3 has been reviewed recently by Wayne et al. (1991). The reader is 
referred to this work for a more detailed discussion of the cross section and quantum yield data, 
and for estimates of the photodissociation rates as a function of zenith angle. 
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N 2 O + hv -> N2 + 0( 1 D) 

The recommended values are taken from the work of Selwyn et al. (1977), who measured the 
temperature dependence of the absorption cross sections in the atmospherically relevant 
wavelength region. They have fitted their data with the expression shown in Table 16; Table 17 
presents the room temperature data. Hubrich and Stuhl (1980) remeasured the N2O cross sections 
at 298 K and 208 K and Merienne et al. (1990) in the range from 220 K to 296 K. The results of these 
two sets of measurements are in very good agreement with those of Selwyn et al. The quantum 
yield for photodissociation is unity and the products are N2 and 0( 1 D) (Zelikoff and Aschenbrand, 
1954; Paraskevopoulos and Cvetanovic, 1969; Preston and Barr, 1971; Simonaitis et al., 1972). The 
yield of N( 4 s) and NO( 2 n) is less than 1% (Greenblatt and Ravishankara, 1990). 


Table 16. Mathematical Expression for Absorption Cross Sections 
of N2O as a Function of Temperature 


4 

In ct(X,T) = £ A n l n + (T-300) 

n=o 

exp( X B n X n ) 
n-o 

Where T: temperature Kelvin; 

X: nm; 

Ao = 68.21023 

Bo = 123.4014 

Ai = -4.071805 

Bi = -2.116255 

A2 = 4.301146 x lO- 2 

B2 = 1.111572 x 10*2 

A3 = -1.777846 x 10^ 

B3 = -1.881058 xlO- 5 

A4 = 2.520672 x 10' 7 



Range 173 to 240 nm; 194 to 320 K 
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Table 17. Absorption Cross Sections of N2O at 298 K 


X 1()20 ct x l()20 a x lO 2 ^ 

(nm) (cm 2 ) (nm) (cm 2 ) ( nm ) (cm 2 ) 


173 

11.3 

174 

11.9 

175 

12.6 

176 

13.4 

177 

14.0 

178 

13.9 

179 

14.4 

180 

14.6 

181 

14.6 

182 

14.7 

183 

14.6 

184 

14.4 

185 

14.3 

186 

13.6 

187 

13.1 

188 

12.5 

189 

11.7 

190 

11.1 

191 

10.4 

192 

9.75 

193 

8.95 

194 

8.11 

195 

7.57 


196 

6.82 

197 

6.10 

198 

5.35 

199 

4.70 

200 

4.09 

201 

3.58 

202 

3.09 

203 

2.67 

204 

2.30 

206 

1.96 

206 

1.65 

207 

1.38 

208 

1.16 

209 

0.980 

210 

0.755 

211 

0.619 

212 

0.518 

213 

0.421 

214 

0.342 

215 

0.276 

216 

0.223 

217 

0.179 

218 

0.142 


219 

0.115 

220 

0.0922 

221 

0.0739 

222 

0.0588 

223 

0.0474 

224 

0.0375 

225 

0.0303 

226 

0.0239 

227 

0.0190 

228 

0.0151 

229 

0.0120 

230 

0.00955 

231 

0.00760 

232 

0.00605 

233 

0.00478 

234 

0.00360 

235 

0.00301 

236 

0.00240 

237 

0.00191 

238 

0.00152 

239 

0.00123 

240 

0.00101 


N2O5 + hv -» Products 


The absorption cross sections of dinitrogen pentoxide, N2O5, have been measured at room 
temperature by Jones and Wulf (1937) between 285 and 380 nm, by Johnston and Graham (1974) 
between 210 and 290 nm, by Graham (1975) between 205 and 380 nm; and for temperatures in the 223 
to 300 K range by Yao et al. (1982), between 200 and 380 nm. The agreement is good, particularly 
considering the difficulties in handling N2O5. The recommended cross section values, listed in 
Table 18, are taken from Yao et al. (1982); for wavelengths shorter than 280 nm there is little or no 
temperature dependence, and between 285 and 380 nm the temperature effect is best computed with 
the expression listed at the bottom of Table 18. 

There are several studies on the primary photolysis products of N2O5: Swanson et al. (1984) 
have measured the quantum yield for NO3 production at 249 and at 350 nm, obtaining a value close 
to unity, which is consistent with the observations of Burrows et al. (1984b) for photolysis at 254 nm. 
Barker et al. (1985) report a quantum yield for 0( 3 P) production at 290 nm of less than 0.1, and 
near unity for NO3. For O-atom production Margitan (private communication, 1985) measured a 
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quantum yield value of 0.35 at 266 nm, and Ravishankara et al. (1986) report values of 0.72, 0.38, 
0.21 and 0.15 at 248, 266, 287 and 289 nm, respectively, with a quantum yield near unity for NO3 
production at all these wavelengths. It appears, then, that NO3 is produced with unit quantum yield 
while the O-atom and hence the NO yield increases at shorter wavelengths with a consequent 
decrease in the NO2 yield. The study of Oh et al. (1986) indicates that, besides NO3, the primary 
photolysis products are a wavelength dependent mixture of NO2, NO2* and NO + O, where NO2* 
represents one or more excited electronic states, most likely the 2 Bi state. 


Table 18. Absorption Cross Sections of N2O5 


X 

(nm) 

lO^Octfcm^) 

X 

(nm) 

10 2 ^a(cm 2 ) 


200 

920 

245 

52 

205 

820 

250 

40 

210 

560 

255 

32 

215 

370 

260 

26 

220 

220 

265 

20 

225 

144 

270 

16.1 

230 

99 

275 

13.0 

235 

77 

280 

11.7 

240 

62 




For 285 nm < X < 380 nm; 300 K > T > 225 K: 

10 20 a = expf 2.735 + ((4728.5 - 17.127 X>T)] 

where a is in cm 2 /molecule; X in nm; and T in Kelvin. 


HONO + hv -» HO + NO 

The ultraviolet spectrum of HONO between 300 and 400 nm has been studied by Stockwell 
and Calvert (1978) by examination of its equilibrium mixtures with NO, NO2, H2O, N2O3 and 
N2O4; the possible interferences by these compounds were taken into account. More recently, 
Vasudev (1990) measured relative cross sections by monitoring the OH photodissociation product 
with laser-induced fluorescence; and Bongartz et al. (1991) determined absolute cross section 
values at 0.1 nm resolution in a system containing a highly diluted mixture of NO, NO2, H2O and 
HONO, by measuring total NO Xl NO and NO2. There are some discrepancies between these two 
recent sets of results in terms of relative peak heights; however, both yield essentially the same 
photodissociation rate provided Vasudev’s relative data are normalized to match the cross section 
value reported by Bongartz et al. at 354 nm; at this wavelength the value reported earlier by 
Stockwell and Calvert is about 20% smaller. The recommended values, listed in Table 19, are 
taken from Bongartz et al. 
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Table 19. Absorption Cross Sections of HONO 


1020 a 

(cm^) 


1020 a x 10 2 °a 

(cm 2 ) (nm) (cm 2 ) 


310 

1.3 

311 

1.9 

312 

2.8 

313 

2.2 

314 

3.6 

315 

3.0 

316 

1.4 

317 

3.1 

318 

5.6 

319 

3.6 

320 

4.9 

321 

7.8 

322 

4.9 

323 

5.1 

324 

7.1 

325 

5.0 

326 

2.9 

327 

6.6 

328 

11.7 

329 

6.1 

330 

11.1 

331 

17.9 

332 

8.7 

333 

7.6 

334 

9.6 

335 

9.6 

336 

7.2 

337 

5.3 

338 

10.0 


339 

18.8 

340 

10.0 

341 

17.0 

342 

38.6 

343 

14.9 

344 

9.7 

345 

10.9 

346 

12.3 

347 

10.4 

348 

9.1 

349 

7.9 

350 

11.2 

351 

21.2 

352 

15.5 

353 

19.1 

354 

58.1 

355 

36.4 

356 

14.1 

357 

11.7 

358 

12.0 

359 

10.4 

360 

9.0 

361 

8.3 

362 

8.0 

363 

9.6 

364 

14.6 

365 

16.8 

366 

18.3 

367 

30.2 


368 

369 

370 

371 

372 

373 

374 

375 

376 

377 
387 

379 

380 

381 

382 

383 

384 

385 

386 

387 

388 

389 

390 

391 

392 

393 

394 

395 

396 


52.0 

38.8 

17.8 

11.3 

10.0 

7.7 
6.2 

5.3 

5.3 

5.0 

5.8 

8.0 

9.6 

11.3 
15.9 

21.0 

24.1 

20.3 

13.4 

9.0 

5.6 

3.4 

2.7 

2.0 

1.5 
1.1 
0.6 

1.0 

0.4 


HNC>3 + hv OH + NO2 


Molina^d e Mdi™a n (198n^ S ^hese n dflt° SS SeCti ° nS ' 1 isted in Table 2 °- are taken from the work of 
with the values reported by Biaume d^) 6 The^are^oTn 6 ^ thr ° U f ° Ut the 19 °- 330 nm ra "ge 
Johnston mid Graham (1973) except towards both ends of the 

measured the cross sections in the 110-190 nm ranee- his results ar e 90 1’ S? d980) has 

Biaume and of Johnston and Graham around 185-190 Jim ^ th ° Se ° f 


et aL (1974) m^sured a quantum yield value of -1 for the OH + N0 2 channel in the 
nm has h*, 1 " r&nee ’ us ! ng end product analysis. The quantum yield for O-atom production at 266 

Watson a982T e who r foo? 8 f ° r H - 3t ° m productio " less than 0.00 2 fby Ma 

et al no««? ’ ^ dirCCtly f ° r theSe pr0ducts usin e atomic resonance fluorescence Jdlv 

a ] S — 3 q , Uantum ^ e,d for ° H Production of 0.89 ± 0.08 at 222 nm. Turnipseed et 

Howev!f at igaTm the 3 qU f?f™ yield near unity for 0H Production at 248 and 222 nm 
owever, at lyj nm they report this quantum yield to be onlv n **** Qn ^ , , * 

production of O-atoms to be about 0 8 Thus it a C that hL ’ the quantum yield for 

193 nm. ’ appears that MONO is a major photolysis product at 


350 nm «"*^c ‘‘T™ 1 ' 1 '' 6 dependew » of the c ™° sections in the 300- 

part^T'T^ ^ ^^emi^rature^flfcct 'aT^velh as°of™he aoss'secUons a^X^'^nger'than^So' mr| S 

particularly ,n connect.on with polar stratospheric chemistry calculations. 330 


Table 20. Absorption Cross Sections of HNO3 Vapor at 298 K 

X 1020 o x 10 2 0<J 

(cm 2 ) (nm) (cm 2 ) 


190 

1560 

195 

1150 

200 

661 

205 

293 

210 

105 

215 

35.6 

220 

15.1 

225 

8.62 

230 

5.65 

235 

3.72 

240 

2.57 

245 

2.10 

250 

1.91 

255 

1.90 


260 

1.88 

265 

1.71 

270 

1.59 

275 

1.35 

280 

1.10 

285 

0.848 

290 

0.607 

295 

0.409 

300 

0.241 

305 

0.146 

310 

0.071 

315 

0.032 

320 

0.012 

325 

0.005 

330 

0.002 
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HO2NO2 + hv -> Products 


There are five studies of the UV spectrum of H0 2 N0 2 vapor: Cox and PUrid. 

al. ,1980), Graham et a, (1978b). «n“e 

three studies are the only ones covering the g as P^se specif 2gQ nm The recommended 

for atmospheric P^ ,ss “ ,a ‘ ‘ ° ‘Vthe work of Molina and Molina (1981) and of Singer et 
values, listed in Table 21 , are an av g sections appear to be temperature- 

K r (Sing S er U et al. ^. MacUod et al. (1988) report that photolysis 

at 248 nm yields one third OH and N0 3 and two thirds H0 2 + N0 2 - 


Table 21. Absorption Cross Sections of H0 2 N0 2 Vapor 
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Cl2 + hv -» Cl + Cl 


Cr ° SS T ti0nS ° f ° l2 ’ listed in Tab,e 22 - taken from the work of Seer, and 
(1933), Fergusson et ^ a936>, Z ^ ^ ^ 


Table 22. Absorption Cross Sections of CI2 



240 

0.08 

250 

0.12 

260 

0.23 

270 

0.88 

280 

2.7 

290 

6.5 

300 

12.0 

310 

18.5 

320 

23.6 

330 

25.6 

340 

23.6 


350 

18.9 

360 

13.1 

370 

8.3 

380 

4.9 

390 

3.3 

400 

1.9 

410 

1.3 

420 

0.99 

430 

0.73 

440 

0.53 

450 

0.34 


C10 + hv->Cl + 0 

^“(^Szsrss rf" is 6 ' 2 * 10 ' 18 ^ - the ■«««• <* 

extremely temperature dependent. The bands sharpen and grow with . £££ tCeratum. “ 
The calculations of Coxon et al. (1976) and Langhoff et al (19771 Fk f 
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Absorption Cross Section, (10 



ClOO + hv-> CIO + 0 


m > i J ? hnrton ®f “?• (1969 > measured the absorption cross sections of the ClOO radical usine a 
molecular modulation technique which required interpretation of a complex kinetic scheme 
re recently, Mauldin et al. (1992) reported cross section measurements in the range from 220 to 
280 nm, and Baer et al. (1992) from 240 to 300 nm. These two studies are in very 3 aZemer!? 
y elding cross section values which are more than twice as large as the older Johnston et al’ 
Mauldin ^ e al recommended cross sections are listed in Table 23, and are taken from the work of 


Table 23. Absorption Cross Sections of ClOO 

1020 ° X 102°a 

(cm 2 ) (nm) (cm 2 ) 


220 

611 

222 

670 

224 

747 

226 

951 

228 

1100 

230 

1400 

232 

1650 

234 

1960 

236 

2240 

238 

2520 

240 

2730 

242 

2910 

244 

2960 

246 

2980 

248 

2950 

250 

2800 


252 

2630 

254 

2370 

256 

2120 

258 

1890 

260 

1610 

262 

1370 

264 

1120 

266 

905 

268 

725 

270 

596 

272 

435 

274 

344 

276 

282 

278 

210 

280 

200 


oao+hv->o+cio 


extending from^^O^^SO^nm^Thp' 161 ^^ ^ of wc " d «eloped progressions of band. 

^P^^'^^’^io^app^ars'to^e ^tyThrou^^ut the 1 ^avefength 

who rec ® I "" lended absorption cross section values are those reported by Wahner et al (1987) 
who measured the spectra with a resolution of 0.25 nm at 204 296 and 37S K in 2 ! ’ , 3 

) Ruhl et al. (1990) reported chlonne atom production at 362 nm; and Bishenden et al. 
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(1991) measured the quantum yield for this process to be 0.15 ± 0.10 around that same wavelength, 
in contrast, Lawrence et al. (1990) report a quantum yield for Cl-atom production in the 359-368 nm 
region of less than 5xl0’ 4 . This conclusion is supported by photofragment studies of Davis and Lee 
(1992), who report Cl yields <0.2% below 370 nm, rising to a maximum of 4% near 404 nm. The 
recommended values are based on the work of Colussi (1990), namely unit quantum yield for O- 
atom production. 


Table 24. Absorption Cross Sections of OCIO at the Band Peaks 




10^0 crtcm^) 

Wnm) 

204 K 

296 K 378 K 


475.53 

- 

13 

- 

461.15 

17 

17 

16 

446.41 

94 

69 

57 

432.81 

220 

166 

134 

420.58 

393 

304 

250 

408.83 

578 

479 

378 

397.76 

821 

670 

547 

387.37 

1046 

844 

698 

377.44 

1212 

992 

808 

368.30 

1365 

1136 

920 

359.73 

1454 

1219 

984 

351.30 

1531 

1275 

989 

343.44 

1507 

1230 

938 

336.08 

1441 

1139 

864 

329.22 

1243 

974 

746 

322.78 

1009 

791 

628 

317.21 

771 

618 

516 

311.53 

542 

435 

390 

305.99 

393 

312 

291 

300.87 

256 

219 

216 

296.42 

190 

160 

167 

291.77 

138 

114 

130 

287.80 

105 

86 

105 

283.51 

089 

72 

90 

279.64 

073 

60 

79 

275.74 

059 

46 

- 

272.93 

053 

33 

- 
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Absorption Cross Section , (10" 17 cm 




Wavelength (nm) 

Figure 4. Absorption Spectrum of 0C10 
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CIQ3 + hv -» Products 


The previous recommendation for absorption cross sections was based on the work of 
Goodeve and Richardson (1937). Lopez and Sicre (1990) have shown that the spectrum reported by 
Goodeve and Richardson is most likely that of C1 2 0 6 . Thermochemical estimates by Colussi et al 
(1991) further corroborate this assignment. No recommendation is given at present for the C10 3 

cross sections. 


ClgO + hv -> Products 

The preferred absorption cross sections, listed in Table 25, are those reported by Knauth et al. 
(1979) at 298 K. They are in very good agreement with the cross sections measured by Lin ) 
and by Molina and Molina (1978); the discrepancy is largest at the longest wavelengths. Nee 
(1991) has recently reported cross section measurements in the 150-200 nm wavelength region. 

Sander and Friedl (1989) have measured the quantum yield for production of O-atoms to be 
0.25 ± 0.05, using a broadband photolysis source extending from 180 nm to beyond 400 nm. The 
main photolysis products are Cl and CIO. 


Table 25. Absorption Cross Sections of C1 2 0 


X 

(nm) 


10 ^° a X 

(c m 2) (nm) 


102°o 

(cm2) 


200 

210 

220 

230 

240 

250 

260 

270 

280 

290 

300 

310 

320 


71.0 

330 

23.8 

340 

8.6 

350 

28.1 

360 

103 

370 

191 

380 

195 

390 

151 

400 

126 

420 

103 

440 

71.0 

460 

40.3 

480 

19.5 

500 


8.40 

3.58 

1.54 

0.73 

0.40 

0.36 

0.51 

0.79 

1.26 

1.11 

0.63 

0.32 

0.22 


C1 2 0 2 + hv — > Cl + ClOO 

The recommended absorption cross sections for dichlorine peroxide (the CIO dimer), 
ClOOCl are listed in Table 26. The values are the smoothed average of the results reported by Cox 
and Hayman (1988), DeMore and Tschuikow-Roux (1990), Permien et al. (1988), and Burkholder 
et al. (1990). These measurements were carried out in the 200-250 K temperature range; thermal 
decomposition of the dimer occurs very fast at higher temperatures. There is general agreement 
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among these workers on the shape of the spectrum, and the cross section values at the maximum at 
about 245 nm are within 10%. There are, however, significant discrepancies, i.e., around 280 nm. 
The results of Burkholder et al. (1989) are about 35% larger than those of the other three data sets 
More accurate measurements are needed, particularly beyond 290 nm, in order to better estimate 
atmospheric photodissociation rates. These studies also indicate that only one stable species is 
produced in the recombination reaction of CIO with itself, and that this species is dichlorine 
peroxide, C100C1, rather than C10C10. Using submillimeter wave spectroscopy, Birk et al. (1989) 
have further established the structure of the recombination product to be C100C1. These 
observations are in agreement with the results of quantum mechanical calculations (McGrath et 
al., 1988; 1990; Jensen and Odershede, 1990; Stanton et al., 1991). 

The experiments of Cox and Hayman (1988) indicate that the main photodissociation 
products at 253.7 nm are Cl and CIOO. Molina et al. (1990) measured the quantum yield <b for this 
channel to be unity at 308 nm, with no CIO detectable as a product, with an experimental 
uncertainty in <|> of about ± 25%. These results are also supported by quantum mechanical 
calculations (Stanton et al., 1990). In contrast, Eberstein (1990) suggested a quantum yield of unity 
tor the production of two CIO radicals, based merely on an analogy with the photolysis of H 2 O 2 at 
shorter wavelengths. For atmospheric photodissociation calculations the recommended quantum 
yield value is based on the work of Molina et al. (1990), i.e. a quantum yield of unity for the Cl + 
CIOO channel. 


Table 26. Absorption Cross Sections of ClOOCl around 200-250 K 


X 

(nm) 


10 20 (cm 2 ) 


cr X ct X 

(nm) 10 2 ®(cm 2 ) (nm) 10 2 ®(cm 2 ) (nm) 


10 2 ®(cm 2 ) 



383.5 


600.3 


352.9 

242 

625.7 

204 

325.3 

244 

639.4 

206 

298.6 

246 

642.6 

208 

274.6 

248 

631.5 

210 

251.3 

250 


212 

231.7 

252 

580.1 

214 


254 

544.5 

216 


256 


218 


258 


220 

212.1 




227.1 

262 

381.4 

224 

249.4 

264 

344.6 

226 

280.2 

266 

311.6 


319.5 

268 

283.3 

230 



258.4 

232 

415.4 

272 

237.3 

234 

467.5 

274 

218.3 

236 

517.5 

276 

201.6 

238 


278 

186.4 


280 

172.5 


25.6 

282 

159.6 

322 

23.4 

284 

147.3 

324 

21.4 

286 

136.1 


19.2 

288 

125.2 


17.8 


114.6 

330 

16.7 

292 

104.6 

332 

15.6 

294 

95.4 

334 

14.4 

296 

87.1 

336 

13.3 

298 


338 


300 

72.2 


12.1 


65.8 

342 

11.5 

304 

59.9 

344 


306 

54.1 

346 

10.1 


48.6 

348 

9.0 

310 

43.3 


8.2 

312 

38.5 

352 

7.9 

314 

34.6 

354 

6.8 

316 

30.7 

356 

6.1 

318 


358 

5.8 




5.5 
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Q2O3 + hv Products 

The absorption cross sections of C1 2 C>3 have good, but the cross 

by Burkholder et al. (1992). The agreement on 2 7 Ugtg the reC ommended 

ss stjss r rri a:", *s* - - — * rect study - 


m 1 _ O ^ 


»• f'.nM Qor-Hnns of C19.03 



CI2O4 + hv-> Products 

The absorption cross sections of C1 2 0 4 hare been measured by Lopez 
results are given in Table 28. 


and Sicre (1988); their 


Table 28. Absorption Cross Sections of CI2O4 


lO 2 ^ a 
(cm 2 ) 


200 

205 

210 

215 

220 

225 

230 

235 

240 

245 

250 


161 

97 

72 

64 

71 
75 
95 
95 
87 

72 
56 


255 

42 

260 

31 

265 

22 

270 

14 

275 

8.8 

280 

5.5 

285 

4.0 

290 

2.7 

295 

2.2 

300 

1.7 

305 

1.2 

310 

0.7 
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CI2O6 + hv -» Products 


” Ta f ble 29 ’ and are frc ™ ** »»* of 

poodooo and Richardson (1937* ** C '° 3 * 

by Lopez and Sicre are several tim^s Wcm*. +v> ^ cross section values measured 

shape of the spectrum is similar. * H ° Se reported by Goodeve and Richardson, but the 


Table 29. Absorption Cross Sections of CI2O6 


X 

(nm) 


1020 ct 

(cm^) 


X 

(nm) 


1020 ct 

(cm^) 


HC1 + hv — > H + Cl 


(1975) 


The absorption cross sections of HCI, listed in Table 30, are taken from the work of Inn 


Table 30. Absorption Cross Sections of HCI Vapor 
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HOCl + hv -> OH + Cl 

The absorption cross sections of HOCl vapor have been measured by several groups. Molina 
and Molina (1978) and Knauth et al. (1979) produced this species using equilibrium mixtures with 
CI 2 O and H 2 O; their results provided the basis for the earlier recommendation. More recently, 
Mishalanie et al. (1986) and Permien et al. (1988) used a dynamic source to generate the HOCl 
vapor. The cross section values reported by Molina and Molina (1978), Mishalanie et al. (1986), 
and Permien et al. (1988) are in reasonable agreement between 250 and 330 nm. In this 
wavelength range, the values reported by Knauth et al. (1977) are significantly smaller, e.g., a 
factor of four at 280 nm. Beyond 340 nm, the cross sections of Mishalanie et al. are much smaller 
than those obtained by the other three groups: at 365 nm, the discrepancy is about an order of 
magnitude. 

The recommended values are taken from the work of Permien et al.; they are listed in Table 
31. These authors were able to produce HOCl vapor in the absence of significant amounts of other 
absorbing gases such as CI 2 and CI 2 O. The corrections due to the presence of these impurities are 
the most likely source of error in most of the investigations. 

Molina et al. (1980b) observed production of OH radicals in the laser photolysis of HOCl 
around 310 nm, and Butler and Phillips (1983) found no evidence for O-atom production at 308 nm, 
placing an upper limit of -0.02 for the primary quantum yield for the HC1 + O channel. 


Table 31. Absorption Cross Sections of HOCl 


X 

1020 a 

X 

10^0(7 


(nm) 

(cm^) 

(nm) 

(cm^) 


215 

8.71 

295 

16.12 


220 

13.26 

300 

14.55 


225 

18.95 

306 

12.30 


230 

25.33 

310 

10.43 


235 

31.48 

315 

8.60 


240 

36.48 

320 

6.95 


245 

38.89 

325 

5.54 


250 

40.49 

330 

4.35 


255 

38.54 

335 

3.32 


260 

34.11 

340 

2.48 


265 

28.34 

345 

1.83 


270 

23.61 

350 

1.34 


275 

20.63 

355 

0.92 


280 

19.18 

360 

0.61 


285 

18.26 

365 

0.42 


290 

17.38 

370 

0.27 




375 

0.15 
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CINO + hv ™> Cl + NO 


Nitrosyl chloride has a continuous absorption extending beyond 650 nm. There is good 
agreement between the work of Martin and Gareis (1956) for the 240 to 420 nm wavelength region, 
of Ballash and Armstrong (1974) for the 185 to 540 nm region, of lilies and Takacs (1976) for the 190 
to 400 nm region, and of Tyndall et al. (1987) for the 190 to 350 region except around 230 nm, where 
the values of Ballash and Armstrong are larger by almost a factor of two. The recommended 
absorption cross sections, listed in Table 32, are taken from the recent work of Tyndall et al 
(1987). 

The quantum yield for the primary photolytic process has been reviewed by Calvert and Pitts 
(1966a); it is unity over the entire visible and near-ultraviolet bands. 


Table 32. Absorption Cross Sections of CINO 


X 

(nm) 


10^0 a 

(cm^) 


X 

(nm) 


10^0 a 

(cm^) 


X 

(nm) 


1020 a 

(cm2) 


X 

(nm) 


1()20 a 

(cm2) 




230 

266 

192 

5340 

232 

212 

194 

6150 

234 

164 

196 


236 

120 

198 

6310 

238 

101 




82.5 

202 


242 

67.2 



244 

55.2 



246 

45.2 



248 

37.7 




31.7 

212 

2180 

252 

27.4 

214 

1760 

254 

23.7 

216 


256 

21.3 

218 


258 

19.0 


896 

260 

17.5 


707 


16.5 

224 

552 

264 

15.3 


436 

266 

14.4 




13.6 


270 

12.9 

310 

11.5 

272 

12.3 

312 

11.9 

274 

11.8 

314 

12.2 

276 

11.3 

316 

12.5 

278 

10.7 

318 

13.0 

280 

10.6 

320 

13.4 

282 

10.2 

322 

13.6 

284 

9.99 

324 

14.0 

286 

9.84 

326 

14.3 


9.71 

328 

14.6 


9.64 

330 

14.7 

292 

9.63 

332 

14.9 

294 

9.69 

334 

15.1 

296 

9.71 

336 

15.3 

298 

9.89 

338 

15.3 

300 

10.0 

340 

15.2 

302 

10.3 

342 

15.3 

304 

10.5 

344 

15.1 

306 

10.8 

346 

15.1 


11.1 

348 

14.9 



350 

14.5 
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CINO2 + hv— > Products 

c •*. i *v.w;Hp riN09 have been measured between 230 and 

The absorption cross sections of nitryl chl ° ’ ’ nm . mies and Takacs (1976), and 

330 nm by Martin and Gareis (1956), 3et ™ ee " (logi) The results are in good agreement below 
between 270 and 370 nm by Nelson The ^ ^ ^ ^ Takacs 

300 nm. Table 33 lists the recommended values wh h 270 and 370 „m. These 

between 190 and 270 nm and from Nelson chimp unity in the samples used by lilies and 
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CIONO + hv — > Products 


been made by Moling sections of chlorine nitrite (CIONO) have 

of the spectrum and the instebilUy of J 0 N ^ ^ * T* ble l 4 ' The ^»™cteristics 
decomposition is unity. The Cl-0 bond stremrri, f V ? uege ® fc that the Quantum yield for 
atoms are likely photolysis products. ** °" y ab ° Ut 20 kllocaI ories, so that chlorine 


Table 34. Absorption Cross Sections of CIONO at 231 K 



CIONO2 + hv — > Products 

Photolysis" (VLPPh) technique, indicate that the nrl^ V H e ™ p,oyed the y ery Low Pressure 
Wiesenfeld (1981), using a flash ZtoWsis ‘ k C, . + N ° 3 ‘ Adler-Golden and 

predominant photolysis product, and report a quantuiTv^hTf technique, find O-atoms to be the 
4%. Marinelli and Johnston (1982b) report a quantum v ieM% ° r Cl atom Production of less than 
0.45 and 0.85 with a most likely value of 0 55 thT ?x *° 3 production at 249 ™ between 

at 662 nm. Margitan (1983a) used atomic res’™ * ^ N ° 3 by tunab,e d y e - |aser absorption 

found the quantum yield at 266 and at 355 nm to beO 9 +%Tfor CUto ' Ctl ° n f ° and Clatoms and 
atom production, with no discernible difference at t r V f C ' a ^ m p [ oduct,on - an d ~0.1 for O- 

conned b y Kna Uth and Sc hi „d, er « 98 3,, JlZ ZtlZZ 
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yields. Burrows et al. (1988) report also Cl and N0 3 as the photolysis products at 254 run, with a 
quantum yield of unity within experimental error. 


The preferred quantum yield values are 0.9 for the Cl + NO3 channel, and a complementary 
value of 0.1 for the O + CIONO channel. The recommendation is based on Margitan (1983a), 
whose direct study is the only one with results at a wavelength longer than 290 nm, which 18 where 
atmospheric photodissociation will predominantly occur. The reason for the Wlt 1 ® 

studies by Adler-Golden and Wiesenfeld (1981) and by Marinelli and Johnston (1982b) is almost 
surely that the rate constant for Cl + CINO3 is much faster (two orders of magnitude) than 
previously thought (Margitan, 1983a; Kurylo et al., 1983a). 


Table 35. Absorption Cross Sections of CIONO2 


10 20 q(cm 2 ) 

l(nm) 227 K 243 K 296 K 


10 2 0 q(cm 2 ) 

l(nra) 227 K 243 K 296K 


190 

555 

- 

589 

195 

358 

- 

381 

200 

293 

- 

307 

205 

293 

- 

299 

210 

330 

- 

329 

215 

362 

- 

360 

220 

348 

- 

344 

225 

282 

- 

286 

230 

206 

- 

210 

235 

141 

- 

149 

240 

98.5 

- 

106 

245 

70.6 

- 

77.0 

250 

52.6 

50.9 

57.7 

255 

39.8 

39.1 

44.7 

260 

30.7 

30.1 

34.6 

265 

23.3 

23.1 

26.9 

270 

18.3 

18.0 

21.5 

275 

13.9 

13.5 

16.1 

280 

10.4 

9.98 

11.9 

285 

7.50 

7.33 

8.80 

290 

5.45 

5.36 

6.36 

295 

3.74 

3.83 

4.56 

300 

2.51 

2.61 

3.30 

305 

1.80 

1.89 

2.38 

310 

1.28 

1.35 

1.69 

315 

0.892 

0.954 

1.23 

320 

0.630 

0.681 

0.895 


325 

0.463 

0.502 

0.655 

330 

0.353 

0.381 

0.514 

335 

0.283 

0.307 

0.397 

340 

0.246 

0.255 

0.323 

345 

0.214 

0.223 

0.285 

350 

0.198 

0.205 

0.246 

355 

0.182 

0.183 

0.218 

360 

0.170 

0.173 

0.208 

365 

0.155 

0.159 

0.178 

370 

0.142 

0.140 

0.162 

375 

0.128 

0.130 

0.139 

380 

0.113 

0.114 

0.122 

385 

0.098 

0.100 

0.108 

390 

0.090 

0.083 

0.090 

395 

0.069 

0.070 

0.077 

400 

0.056 

0.058 

0.064 

405 

- 

- 

0.055 

410 


- 

0.044 

415 

- 

- 

0.035 

420 

- 

- 

0.027 

425 

- 

- 

0.020 

430 

- 

- 

0.016 

435 

- 

- 

0.013 

440 

. 

- 

0.009 

445 

_ 

- 

0.007 

450 

- 

- 

0.005 
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flalocarbon Absorption Cross Section s and Quantum YiVIHs 

The primary process in the photodissociation of chlorinated hydrocarbons is well 
established, absorption of ultraviolet radiation in the lowest frequency band is interpreted as an 
n ~ CT * transition involving excitation to a repulsive electronic state (antibonding in C-Cl), which 
dissociates by breaking the carbon chlorine bond (Majer and Simons, 1964). As expected, the 
chlorofluoromethanes, which are a particular type of chlorinated hydrocarbons, behave in this 
fashion (Sandorfy, 1976). Hence, the quantum yield for photodissociation is expected to be unity for 
these compounds. There are several studies which show specifically that this is the case for 
CF 2 CI 2 , CFCI 3 and CCI 4 . These studies, which have been reviewed in CODATA (1982), also 

indicate that at shorter wavelengths two halogen atoms can be released simultaneously in the 
primary process. 


The absorption cross sections for various other halocarbons not listed in this evaluation have 
also been investigated: CHCI 2 F by Hubrich et al. (1977); CCIF 3 , CHCI 3 , CH 2 CI 2 , CH 2 CIF, 
CF 3 CH 2 CI and CH 3 CH 2 CI by Hubrich and Stuhl (1980); CHCI 3 , CHFCI 2 , C 2 HCI 3 and C 2 H 3 CI 3 by 
Robbins (1977); CH 2 CI 2 and CHCI 3 by Vanlaethem-Meuree et al. (1978a); CHC 12 F, CCIF 2 CH 2 CI 
and CF 3 CH 2 CI by Green and Wayne (1976-1977); and CH 2 Br 2 and CBrF 2 CF 3 by Molina et al. 
(1982). Simon and co-workers have reported absorption cross section measurements over the 
temperature range 295-210 K for various other halocarbons not listed here. These include the 
following: CHCI 3 , CH2C12, CHFCI 2 and CF 3 C1 by Simon et al. (1988a). 

As before, the recommendation for the photodissociation quantum yield value is unity for all 
these species. ' ‘ 

CF 4 and C 2 F 6 do not have any absorptions at wavelengths longer than 105 and 120 nm 
respectively (Sauvageau et al., 2973, 1974; Inn, 1980); therefore, they are not expected to 
photodissociate until they reach the mesosphere. SF 6 does not absorb at wavelengths longer than 
130 nm. 
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CCLj + hv — > Products 

CCI 3 F (CFC-11) + hv -> Products 

CCI2F2 (CFC-12) + hv Products 

Tables 36 37 and 38 list the present recommendations for the cross sections of CCI4, CCI3F 
and (XJI2F2 .^respectively. These data are given by the mean of the values repor ed by various 

ana 2 2. P Mq7T t Hubrich and Stuhl (1980), Vanlaethem-Meuree et al. (1978a, b), 

groups, ,.e„ Hub inch et aU19 77). Hub. rch * >nd earlier eva | uati „„ s (CODATA, 

1982^' AbsonAior^cross sections^orthese^species over the temperature range 295-210 K have also 
been reported by Simon et al. (1988a). These results are in generally good agres mien * 

elide this wave, ^gth 

range. However, J-value calculations should not be affected. 


Table 36. Absorption Cross Sections of CCI4 


X 

(nm) 


102°a X 

(cm 2 ) < nm) 


1020 a 
(cm 2 ) 



174 

995 

176 

1007 

178 

976 

180 

772 

182 

589 

184 

450 

186 

318 

188 

218 

190 

144 

192 

98.9 

194 

74.4 

196 

68.2 

198 

66.0 

200 

64.8 

202 

62.2 

204 

60.4 

206 

56.5 

208 

52.0 

210 

46.6 

212 

39.7 

214 

33.3 

216 

27.2 


218 

21.8 

220 

17.0 

222 

13.0 

224 

9.61 

226 

7.19 

228 

5.49 

230 

4.07 

232 

3.01 

234 

2.16 

236 

1.51 

238 

1.13 

240 

0.784 

242 

0.579 

244 

0.414 

246 

0.314 

248 

0.240 

250 

0.183 

255 

0.0661 

260 

0.0253 

265 

0.0126 

270 

0.0061 

275 

0.0024 
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Table 37. Absorption Cross Sections of CCI3F 



U r— \ 

1 <V E 

IK w 

102°o 

(cm 2 ) 

X 

(nm) 

lO 20 ® 

(cm 2 ) 


170 

316 

208 

21.2 


172 

319 

210 

15.4 


174 

315 

212 

10.9 


176 

311 

214 

7.52 


178 

304 

216 

5.28 


180 

308 

218 

3.56 


182 

285 

220 

2.42 


184 

260 

222 

1.60 


186 

233 

224 

1.10 


188 

208 

226 

0.80 


190 

178 

228 

0.55 


192 

149 

230 

0.35 


194 

123 

235 

0.126 


196 

99 

240 

0.0464 


198 

80.1 

245 

0.0173 


200 

64.7 

250 

0.00661 


202 

50.8 

255 

0.00337 


204 

38.8 

260 

0.00147 



206 

29.3 





°T = < J298 exp [ 1 . 0xl0 ' 4 a - 184 . 9 )( T - 298 )] 



Where <7298 = 

cross section at 298 K 



X : n m 




T : temperature, Kelvin 



Table 38. Absorption Cross Sections of CCI2F2 


X 

102°o 

X 

10^0 a 

_ 

(nm) 

(cm^) 

(nm) 

(cm^) 


170 

124 

200 

8.84 


172 

151 

202 

5.60 


174 

171 

204 

3.47 


176 

183 

206 

2.16 


178 

189 

208 

1.52 


180 

173 

210 

0.80 


182 

157 

212 

0.48 


184 

137 

214 

0.29 


186 

104 

216 

0.18 


188 

84.1 

218 

0.12 


190 

62.8 

220 

0.068 


192 

44.5 

225 

0.022 


194 

30.6 

230 

0.0055 


196 

20.8 

235 

0.0016 


196 

132 

240 

0,00029 


erf = 0298 exp[4.1xl0' 4 (A.-184.9)(T-298)] 


Where 0298 = cross section at 298 K 
X : n m 

T : temperature, Kelvin 
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CHCLF2 (HCFC-22) + hv -> Products 


The absorption cross sections of °HC1F2 1 (I JS l ou ef 1^0976^1" MS^Kand 218 K ty 
temperature by Robbins and Stola "^ b y Simon etal. (1988a).’ The agreement between 

^preferred absorption cross sections, listed in Table , are 

from work of Simon et al. 

Photolysis of CHC1F2 is rather unimportant throughout the atmosphere: reaction wit 
radicals is the dominant destruction process. 


Table 39. Absorption Cross Sections of CHC1F2 
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CH3CI + hv — > Products 


Meuree etd. (WTS^T^^vS^ ar^Tnvel^eood" TaWe 4 °’ tH ° Se given by Va nlaethem- 
(1976) at 298 K, as well as with tH ° Se reP ° rted by ****»■ 

temperature trend is taken into consideration Th J t n ( 9?? 8t 298 K and 208 * * the 
(1988a) over the temperature range 295 2 0 K rep ° rted by Simon et al. 

recommendation. g 5 210 K are in exce,le "t agreement with the present 


Table 40. Absorption Cross Sections of CH3CI 



186 

24.7 

188 

17.5 

190 

12.7 

192 

8.86 

194 

6.03 

196 

4.01 

198 

2.66 

200 

1.76 

202 

1.09 

204 

0.691 

206 

0.483 

208 

0.321 

210 

0.206 

212 

0.132 

214 

0.088 

216 

0.060 


24.7 

24.7 

17.5 

17.5 

12.7 

12.7 

8.86 

8.86 

6.03 

6.03 

4.01 

4.01 

2.66 

2.66 

1.76 

1.76 

1.09 

1.09 

0.691 

0.691 

0.475 

0.469 

0.301 

0.286 

0.189 

0.172 

0.121 

0.102 

0.074 

0.059 

0.048 

0.033 


CF2CICFCI2 (CFC-113) + hv Products 
CF 2 aCF 2 Cl (CFC-114) + hv-> Products 
CF3CF2CI (CFC-115) + hv Products 


presented iTSbl? 4*1, t^dTre^taken fro^S^ 63 f° r th ® se s P«cies at 295 K and at 210 K are 
agreement with those reported by Hubrich and StuhTmam J 988b ^ These values are in good 
ower temperatures. They are also in good agreement S tL^al 7^™“* “, U ‘ measurem ™ta at 
these authors report cross section values fofcTqCFoOl.h« “ fC . h ““ et *'• «97». except that 
species the temperature dependency is «* 
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Table 41. Absorption Cross Sections for CF2CICFCI2, CF2CICF2CI and CF3CF2CI 


CF 2 C1CFC12 


(nm) 

295 K 

210 K 

172 



174 



176 



178 



180 



182 



184 

118 

118 

186 

104' 

104 

188 

83.5 

83.5 

190 

64.5 

64.5 

192 

48.8 

48.8 

194 

36.0 

36.0 

196 

26.0 

24.3 

198 

18.3 

15.9 

200 

12.5 

10.1 

202 

8.60 

6.54 

204 

5.80 

4.09 

206 

4.00 

2.66 

208 

2.65 

1.68 

210 

1.8 

1.12 

212 

1.15 

0.696 

214 

0.760 

0.452 

216 

0.505 

0.298 

218 

0.318 

0.184 

220 

0.220 

0.125 

222 

0.145 

0.081 

224 

0.095 

0.053 

226 

0.063 

0.034 

228 

0.041 

0.022 

230 

0.027 

0.014 


10^0 cKcm^) 


CF2CICF2CI CF3CF2CI 


295 K 

210 K 

295 K 

69 

69 

5.65 

55 

55 

4.05 

43 

43 

2.85 

34 

34 

2.05 

26 

26 

1.45 

19.8 

19.8 

1.05 

15.0 

15.0 

0.75 

11.0 

11.0 

0.53 

7.80 

7.72 

0.38 

5.35 

5.03 

0.27 

3.70 

3.28 

0.19 

2.56 

2.13 

0.13 

1.75 

1.39 

0.090 

1.20 

0.88 

0.063 

0.80 

0.55 

0.044 

0.54 

0.34 

0.031 

0.37 

0.22 

0.021 

0.24 

0.13 


0.16 

0.084 


0.104 

0.051 


0.068 

0.031 


0.044 

0.020 


0.029 

0.012 


0.019 

0.007 


0.012 

0.004 



CH3CF2CI (HCFC-142b) + hv Products 

The preferred absorption cross sections at 298 K, listed in Table 42, are the mean of the values 
reported by Gillotay et al. (1989a) and Orlando et al. (1991a) over the wavelength range where the 
agreement is better than a factor of two. At lower wavelengths the agreement is much Jitter; e^g., 
at 200 nm the agreement is within 5%. Green and Wayne (1976/77) and Hubrich and S u ( 
have also measured the cross sections in the ranges 185-200 nm and 160-230 nm respectively. The 
results of Green and Wayne are very different from the recommended value and were not 
considered for this evaluation. The results of Hubrich and Stuhl (reported at5nm intervals) are 
in reasonable agreement with the more recent studies of Gillotay et al. and Orlando et al. The 
temperature dependence of the cross sections has been measured by Orlando et al. and by Gillotay 
and Simon (1991); it has not been included in this evaluation. 
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CF3CHCI2 (HCFC-123) + hv -> Products 


The preferred absorption cross sections at 298 K, listed in Table 42, are the mean of the values 
reported by Gillotay and Simon (1991) and Orlando et al. (1991a). The agreement is quite good 
over the entire wavelength range. The measurements by Green and Wayne (1976/77) over the 
range 185-205 nm are in reasonable agreement with the recommended values. The temperature 
dependence of the cross sections has been measured by Orlando et al. and by Gillotay and Simon- 
it is not included here. ’ 


CF3CHPCI (HCFC-124) + hv — > Products 


The preferred values are those reported by Orlando et al. (1991a), this being the only 
available set of measurements between 190 and 230 nm. The data are listed in Table 42. The 
temperature dependence of the cross section has been measured by Orlando et al. but has not been 
evaluated here. The quantum yield for the dissociation to give Cl atoms is expected to be unity. 


CH3CFCI2 (HCFC-141b) + hv — > Products 

The preferred absorption cross sections listed in Table 42 are the mean of the 298 K values 
reported by Talkudar et al. (1991a) and Gillotay and Simon (1991). The agreement between these 
two sets of measurements is not very good. Both groups also report the temperature dependence of 
the cross sections down to 210 K. 


Table 42. Absorption Cross Sections of Hydrochlorofluoroethanes at 298 K 


10 20 q(cm 2 ) at 298 K 

(nm) CH3CFCI2 CH3CF2CI CF3CHCI2 CF3CHFCI 


190 

192 

194 

196 

198 

200 

202 

201 

206 

208 

210 

212 

214 

216 

218 

220 


75.3 

0.94 

58.8 

0.66 

44.3 

0.46 

32.2 

0.31 

22.8 

0.21 

15.8 

0.14 

10.8 

0.09 

7.3 

0.061 

4.9 

0.039 

3.2 

0.026 

2.2 

0.017 

1.4 

0.010 

0.94 

0.007 

0.61 

0.004 

0.41 

0.003 

0.27 

0.002 


59.0 

0.73 

44.5 


32.9 

0.38 

23.6 

0.26 

16.9 

0.18 

11.9 

0.13 

8.3 

0.086 

5.7 

0.059 

4.0 

0.040 

2.7 

0.026 

1.8 

0.018 

1.3 

0.012 

0.87 

0.008 

0.61 

0.006 

0.40 

0.004 

0.28 

0.003 
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CH3CCI3 + hv -» Products 

The absorption cross sections have been measured by Robbins (1977), by Vanlaethem-Meuree 
et al. (1979) and by Hubrich and Stuhl (1980). These latter authors corrected the results to account 
for the presence of a UV-absorbing stabilizer in their samples, a correction which might account 
for the rather large discrepancy with the other measurements. The results of Robbins (1977) and of 
Vanlaethem-Meuree et al. (1979) are in good agreement. The recommended values are taken 
from this latter work (which reports values at 210 K, 230 K, 250 K, 270 K and 295 K, every 2 nm, and 
in a separate table at wavelengths corresponding to the wavenumber intervals generally used m 
stratospheric photodissociation calculations). Table 43 lists the values at 210 K, 250 K and 295 K, 
every 5 nm; the odd wavelength values were computed by linear interpolation. 


Table 43. Absorption Cross Sections of CH3CCI3 




10^0 cKcm^) 



X 

(nm) 

295 K 

250 K 

210 K 


185 

265 

265 

265 


190 

192 

192 

192 


200 

81.0 

81.0 

81.0 


205 

46.0 

44.0 

42.3 


210 

24.0 

21.6 

19.8 


215 

10.3 

8.67 

7.47 


220 

4.15 

3.42 

2.90 


225 

1.76 

1.28 

0.97 


230 

0.700 

0.470 

0.330 


235 

0.282 

0.152 

0.088 


240 

0.102 

0.048 

0.024 
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CF3CF2CHCI2 (HCFC-225 ca) + hv Products 
CF2CICF2CHFCI (HCFC-225 cb) + hv — > Products 

Table 44 lists the absorption cross sections for these molecules at 298 K, taken from the work 
of Braun et a). (1991). These values have been fitted with a mathematical expression for the 
wavelength range from 170 to 250 nm, for each of the two molecules; the expressions are listed in 
the original publication. The authors also measured the cross sections in the liquid phase. 


Table 44. Absorption Cross Sections of CF3CF2CHCI2 and CF2CICF2CHFCI 


1020 a(cm^) 


X 

(nm) 

CF3CF2CHCI2 

CF2C1CF 2 CHFC1 

160 

269 

188 

165 

197 

145 

170 

183 

91 

175 

191 

47 

180 

177 

21 

185 

129 

9.1 

190 

74 

3.5 

195 

37 

1.4 

200 

16 

0.63 

205 

6.9 

0.33 

210 

2.9 

0.25 

215 

1.2 


220 

0.46 


225 

0.17 


230 

0.065 


235 

0.025 


239 

0.011 
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CFjjBr (Halon-1301) + hv -> Products 


. . f OQS k in Table 45. are the mean of the values 

The preferred absorption cross ^“8^1298^^ Burkholder et al . (1991) at 1 nm 

reported by Gillotay and Simon ( ) Q(TrpP mPnt is acceptable, i.e., better than 70%. At 

intervals over the w * ve !® "f, J a j q 99 i) measure larger values than those reported by Gillotay 
longer wavelengths Burkho der et i X 19 ^ 1} d these cross sections which agree better with 

and Simon. Molina et al. (1982) have also measu h e 190 . 23 o nm among the 

Gillotay and Simon. However, the agreement crQSS sect i ons has been measured by 

&lfotay U ^d S Simon^as'well^as BiirkhoMer et ^ctlo^and the nead^rs^are 

espected to cleave the C-Br bond with unit quantum efficiency. 


CF2BT2 (Halon-1202) + hv -> Products 


, • , • „„„ af noo K listed in Table 45, are the mean of the values 

The preferred absorption in ^vals and Burkholder et al. (1991) at 1 nm 

reported by Gillotay and Simon ( ) t • n0 more than a factor of two. At 

intervals over the wavelength range w ere e agr measured cross sections larger than 

wavelengths longer than -250 nm, Bur • o e efc al (1982 ). The discrepancy increases 

those reported by Gillotay and Simon (198 ) However the agreement between 

with wavelength and is more than a factor of ^ ^ree with those of 

all three measurements is acceptable below avplpn „ ths The temperature dependence of the 

Burkholder et ah 099». The 

agreement between these two studies is poor. 

by Walton (1972) that the quantum yield at 265 nm decreases irom u y 
is raised to 50 torr of C02- 


CF 2 BrCl (Halon-1211) + hv-> Products 


. oq8 v lie-in Table 45. are the mean of the values 
The preferred absorption cross “tntovals and Burkholder et al. 0991) at 1 nm 
reported by i Gillotay “ nd < q? tando et al. 0980) have also measured the cross sections at 5 

rrd U lo“m ?„ a teti! ZSv“e agreement between the four studies is quite good. 

r r zir rst 

evaluated fhe templtufe dependence of the cross section and the reader, are referred to the 
original publications for this information. 


CT 2 BrCF 2 Br (Halon-2402) + hv -> Products 


*• o oqq K lititpd in Table 45. are the mean of the values 
The preferred ^orption cross ratio Burkholder et al. (1991) at 1 nm intervals 

reported by Gillotay et al. (1988) t u] G ; e ^ 70 % At longer wavelengths, 

e et“il , ( « togerwallnphT The a^eement between the three studies at wavelengths 
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reconimended'values. ‘ S g °° d ' The reSU ' tS ° f R ° bbins (1977 > ^ *«»«».»* with the 

and ™rkho7dT a erL d Tl“9 d 1 T Ce ThfL Cr0 “ "fT h “ S ** 7 ! measured * ®Ho«, «t .1. (1988) 

ms 


Table 45. Absorption Cross Sections of CF 2 ClBr, CF 2 Br 2t CF 3 Br, and CF 2 BrCF 2 Br 


at 298 K 


X 

(nm) 


CF 2 ClBr 


10 20 a(cm 2 ) 


CF 2 Br 2 


CF 3 Br 


CF 2 BrCF 2 Br 


190 
192 
194 
196 
198 
200 
202 
204 
206 
206 
210 
212 
214 
216 
218 
220 
222 
224 
226 
228 
230 
232 
234 
236 
238 
240 
242 
244 
246 
248 
250 
252 
254 
256 
258 
260 


47 

114 

58 

109 

70 

100 

83 

91 

96 

82 

112 

75 

118 

72 

121 

74 

122 

81 

121 

93 

117 

110 

112 

136 

106 

155 

98 

180 

90 

203 

81 

224 

72 

242 

64 

251 

56 

253 

49 

250 

42 

241 

36 

227 

31 

209 

26 

189 

22 

168 

18 

147 

15 

126 

12 

106 

10 

88 

8.0 

73 

6.5 

59 

5.1 

47 

4.0 

37 

3.2 

29 

2.4 

23 

1.9 

18 


6.4 

7.5 

8.5 

9.5 

10.4 
11.2 
11.8 
12.2 

12.4 

12.4 
12.0 

11.4 

10.7 

9.8 

8.8 

7.7 

6.7 

5.7 

4.7 

3.8 

3.1 

2.4 

1.9 

1.4 

1.1 
0.81 
0.59 
0.43 
0.31 
0.22 
0.16 
0.11 
0.076 
0.053 
0.037 
0.026 


109 

114 

119 
1 22 

124 

124 

124 

120 
117 
112 
106 
100 

92 

85 

77 

69 

61 

54 

47 

40 

35 

29 

24 

20 

16 

13 

11 

8.4 

6.7 

5.2 

4.1 

3.1 

2.3 

1.8 

1.3 
0.95 


Continued on next page. 
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Table 45. (Continued) 
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CH 3 Br + hv — > Products 


Table 46 lists the recommended absorption cross sections nt 9QS K c «•„ 

f' m °" (1988). These authors nteasured the eross e o s dotn^ SlO K t e *' 1 * ^ 
temperature effect is negligible Mn1in« Q i n qqo^ j » ,, , 1U tor < 210 nm the 

absorption cross sectionffcr this mokcule a room R f bins (1976) have also measured the 
studies is very good. mperature, the agreement among the three 


Table 46. Absorption Cross Sections of CHgBr 


X 

(nm) 


1020<t 

(cm2) 


X 

(nm) 


1020 a 

(cm2) 


190 

44 

192 

53 

194 

62 

196 

69 

198 

76 

200 

79 

202 

80 

204 

79 

206 

77 

208 

73 

210 

67 

212 

61 

214 

56 

216 

49 

218 

44 

220 

38 

222 

32 

224 

28 

226 

23 

228 

19 


230 

15 

232 

12 

234 

9.9 

236 

7.6 

238 

5.9 

240 

4.5 

242 

3.3 

244 

2.5 

246 

1.8 

248 

1.3 

250 

0.96 

252 

0.69 

254 

0.49 

256 

0.34 

258 

0.23 

260 

0.16 
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CHBig + hv — > Products 


The only published absorption cross section values are those of Gillotay et al. (1989), who 
report measurements at temperatures down to 240 K. Table 47 lists the values at 298 K taken from 
this work. 


Table 47. Absorption Cross Sections of CHBr3 


X 

10^0 c 

X 

lCp°o 

(nm) 

(cm^) 

(nm) 

(cm^) 

190 

399 

250 

174 

192 

360 

252 

158 

194 

351 

254 

136 

196 

366 

256 

116 

198 

393 

258 

99 

200 

416 

260 

83 

202 

433 

262 

69 

204 

440 

264 

57 

206 

445 

266 

47 

208 

451 

268 

38 

210 

468 

270 

31 

212 

493 

272 

25 

214 

524 

274 

20 

216 

553 

276 

16 

218 

574 

278 

12 

220 

582 

280 

9.9 

222 

578 

282 

7.8 

224 

558 

284 

6.1 

226 

527 

286 

4.8 

228 

487 

288 

3.7 

230 

441 

290 

2.9 

232 

397 

292 

2.2 

234 

362 

294 

1.7 

236 

324 

296 

1.3 

238 

295 

298 

0.96 

240 

273 

300 

0.72 

242 

253 

302 

0.54 

244 

234 

304 

0.40 

246 

214 

306 

0.30 

248 

194 

308 

0.22 



310 

0.16 
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CCI 2 O + hv — » Products, CC1FO + hv — > Products, and CF 2 O + hv — > Products 

Table 48 shows the absorption cross sections of CCI 2 O (phosgene) and CFCIO given by Chou et 
al. (1977), and of CF 2 O taken from the work of Molina and Molina (1982). The spectrum of CF 2 O 
shows considerable structure; the values listed in Table 48 are averages over each 50 wavenumber 
interval. The spectrum of CFCIO shows less structure, and the CCI 2 O spectrum is a continuum; its 
photodissociation quantum yield is unity (Calvert and Pitts, 1966a). 

The quantum yield for the photodissociation of CF 2 O at 206 nm appears to be -0.25 (Molina 
and Molina, 1982); additional studies of the quantum yield in the 200 nm region are required in 
order to establish the atmospheric photodissociation rate. 


Table 48. Absorption Cross Sections of CCI 2 O, CC1FO and CF 2 O 


X 

(nm) 


1020 <j(cm2) 


CCI2O 

CC1FO 

cf 2 o 

184.9 

204.0 



186.0 

189.0 

15.6 

5.5 

187.8 

137.0 

14.0 

4.8 

189.6 

117.0 

13.4 

4.2 

191.4 

93.7 

12.9 

3.7 

193.2 

69.7 

12.7 

3.1 

195.1 

52.5 

12.5 

2.6 

197.0 

41.0 

12.4 

2.1 

199.0 

31.8 

12.3 

1.6 

201.0 

25.0 

12.0 

1.3 

103.0 

20.4 

11.7 

0.95 

205.1 

16.9 

11.2 

0.69 

207.3 

15.1 

10.5 

0.50 

209.4 

13.4 

9.7 

0.34 

211.6 

12.2 

9.0 

0.23 

213.9 

11.7 

7.9 

0.15 

216.2 

11.6 

6.9 

0.10 

218.6 

11.9 

5.8 

0.06 

221.0 

12.3 

4.8 

0.04 

223.5 

12.8 

4.0 

0.03 

226.0 

13.2 

3.1 

_ 


BrO + hv->Br + 0 

The BrO radical has a banded spectrum in the 290-380 nm range. The strongest absorption 
feature is around 338 nm. The measured cross sections are both temperature and resolution 
dependent. As an example, the spectrum measured by Wahner et al. (1988) is shown in Figure 5. 
The bands are due to a vibrational progression in the A X’ system, and the location of the bands, 
along with the assignments and cross sections measured using 0.4 nm resolution, are shown in 
Table 49. BrO is expected to dissociate upon light absorption. As a guide, the cross sections 
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-20 seconds at the earth's surface, for a solar zenith angle of 30 . 

The earlier BrO cross section measurements were carried out mostly around 338 nm, and 
have been reviewed by CODATA (1980, 1982). 


Table 49. Absorption Cross Sections at the Peak of Various 
Bands in the A <— X Spectrum of BrO 


(nm) 


13,0 

313.5 

12,0 

317.0 

11,0 

320.8 

10,0 

325.0 

9,0 

329.1 

8,0 

333.5 

7,0 

338.3 

6,0 

343.7 

5,0 

348.8 

4,0 

354.7 

3,0 

360.4 

2,0 

367.7 

1,0 

374.5 


IQ 20 q(cm^) 

298 K 223 K 


712 

938 

1010 

1360 

1180 

1570 

1130 

1430 

1130 

1390 

1210 

1470 

1550 

1950 

935 

1110 

703 

896 

722 

1050 

264 

344 

145 

154 

90 

96 


Spectral resolution is 0.4 nm, fwhm. 


Table 50. Absorption Cross Sections of BrO 



300 - 305 
305 - 310 
310-315 
315-320 
320 - 325 
325 - 330 
330 - 335 
335 - 340 
340 - 345 
345 - 350 
350 - 355 
355 - 360 
360 - 365 
365 - 370 
370 - 375 


200 

259 

454 

391 

600 

753 

628 

589 

515 

399 

228 

172 

161 

92 

51 
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Absorption Cross Section 



Wavelength , nm 

Figure 5. Absorption Spectrum of BrO 
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Br0N02 + hv -> Products 

The bromine nitrate cross sections have been measured at room temperature by Spencer and 
Rowland (1978) in the wavelength region 186-390 nm; their results are given in Table 51. The 
photolysis products are not known. 


Table 51. Absorption Cross Sections of BrONC>2 


X 

lO^a 

X 

1020<j 

(nm) 

(cm^) 

(nm) 

(cm^) 

186 


280 

29 


1300 

285 

27 

195 


290 

21 


720 

295 

22 

205 

430 

300 

19 


320 

305 

18 

215 

270 

310 

15 


240 

315 

14 

225 

210 

320 

12 


190 

325 

11 

235 

170 

330 

10 


130 

335 

9.5 

245 


340 

8.7 


78 

345 

8.5 

255 

61 

350 

7.7 


48 

360 

6.2 


39 

370 

4.9 


34 

380 

4.0 

275 

31 

390 

2.9 
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HF + hv -» H + F 


The ultraviolet absorption spectrum of HF has been studied by Safary et al. (1951). The onset 
of absorption occurs at X < 170 nm, so that photodissociation of HF should be unimportant in the 
stratosphere. 


H2CO + hv -» H + HCO (01) 

-> H2 + CO ( 02 ) 

The earlier recommendation for the formaldehyde absorption cross sections was based on 
the work carried out by Bass et al. (1980) with a resolution of 0.05 nm at 296 K and 223 K, and by 
Moortgat et al. ( 1980 j 1983) with a resolution of 0.5 nm in the 210-360 K temperature range. More 
recently, Cantrell et al. (1990b) measured the cross sections in the 300-360 nm range between 223 K 
and 293 K, and Rogers (1990) measured the cross sections in the 235-365 nm range at 296 K, both 
groups using Fourier transform spectrometry at a resolution of up to 0.011 nm (1 cm' 1 ). The 
agreement between these two reports is very good. The recommended values are those given by 
Cantrell et al. as a function of temperature; the reader is referred to the original article to obtain 
the high resolution data. Table 52 lists the low resolution cross sections taken from that work, 
which are suitable for atmospheric photodissociation calculations. 

The quantum yields have been reported with good agreement by Horowitz and Calvert (1978), 
Clark et al. (1979a), Tang et al. (1979), Moortgat and Warneck (1979), and Moortgat et al. (1980; 
1983). The recommended values listed in Table 52 are based on the results of these investigators, 
as evaluated by S. Madronich (private communication, 1991). The quantum yield for the 
production of H 2 and CO is pressure and temperature dependent for wavelengths longer than about 
330 nm (Moortgat et al., 1983). Table 52 gives the values at atmospheric pressure and room 
temperature; the reader is referred to the Moortgat et al. publication for information on values at 
lower pressures and temperatures. 
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Table 52. Absorption Cross Sections and Quantum Yields for Photolysis of CH 2 0 


X 

(nm) 


301.25 

303.75 

306.25 

308.75 

311.25 

313.75 

316.25 

318.75 

321.25 

323.75 

326.25 

328.75 

331.25 

333.75 

336.25 

338.75 

341.25 

343.75 

346.25 

348.75 

351.25 

353.75 

356.25 


lO^O a(cm 3 ) 


T-Parameters - 


223 K 


1.38 

4.67 

3.32 

2.27 

0.758 

3.65 

4.05 

1.66 
1.24 
0.465 

5.06 

2.44 
1.39 
0.093 
0.127 
3.98 
0.805 

1.44 
0.004 
0.009 
0.169 
1.83 
0.035 


293 K 


1.36 
4.33 
3.25 
2.22 
0.931 
3.40 
3.89 
1.70 
1.13 
0.473 
4.44 
2.29 
1.28 . 
0.123 
0.131 
3.36 
0.936 
1.26 
0.071 
0.040 
0.235 
1.55 
0.125 


1.37 

4.43 

3.27 

2.24 

0.882 

3.47 

3.94 

1.69 

1.16 

0.471 

4.61 

2.34 

1.31 

0.114 

0.130 

3.54 

0.898 

1.31 

0.052 

0.031 

0.216 

1.63 

0.099 


-0. 

-4.73 

-1.06 

-0.724 

2.48 

-3.64 

-2.30 

0.659 

-1.52 

0.118 

- 8.86 

-2.15 

-1.53 

0.432 

0.050 

-8.96 

1.86 

-2.64 

0.957 

0.438 

0.948 

-4.05 

1.27 


(H + HCO) (H2 + CO) 


,/49 
0.753 
0.753 
0.748 
0.739 
0.724 
0.684 
0.623 
0.559 
0.492 
0.420 
0.343 
0.259 
0.168 
0.093 
0.033 
0.003 
0.001 
0 
0 
0 
0 
0 


0.247 

0.247 

0.252 

0.261 

0.276 

0.316 

0.368 

0.423 

0.480 

0.550 

0.634 

0.697 

0.739 

0.728 

0.667 

0.602 

0.535 

0.469 

0.405 

0.337 

0.265 

0.197 


Note: The values are averaged for 2.5 nm 


intervals centered on the indicated wavelength. 


„ , , t A - A + BxlO' 3 T T in °C, and a in 10' zu cm 

* Cross section for -50°C<T<20°C calculated as o(T)-A + B 
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CH3OOH + hv — > Products 


=si»is,‘i“ iKt-i 

difficulty in trapping CH^OOH nnH * •+ ’ difference is believed to be due to 

light abLpt,o„ to /ve CH?0 wi'h lT^ /n 8 “ CH3 ° 0H diss “ iate « «P»" 

„, veIength L At 


Table 53. 

Absorption Cross Sections 

of CH 3 OOH 

X 

(nm) 

msm 

X 

(nm) 

10^0 a 

(cm^) 

210 

220 

230 

240 

250 

260 

270 

280 

31.2 

15.4 

9.62 

6.05 

3.98 

2.56 

1.70 

1.09 

290 

300 

310 

320 

330 

340 

350 

360 

0.69 

0.41 

0.24 

0.14 

0.079 

0.047 

0.027 

0.016 


HCN + hv — > Products 


Herzberg and Innes (1957) have studied the 
starts absorbing weakly at X < 190 nm. 


spectroscopy of hydrogen cyanide, HCN, which 


stratosphere; estimates of this^ate wodd r^qutre^Z tio^il stud^l^fthT 3 "’ T" “ the UPPer 
and quantum yields in the 200 nm region. aaaitl °nal studies of the absorption cross sections 


®3CN + hv — > Products 


CH3CN; the h filst n abLrptio 1 n 9 f a l 1 d h r P peT^t <M0nT7 ^ aeeto ^ le or meth y> cyanide, 

Zetzsch (1989) have measured fhT^7 * More recently, Suto and Lee (1985) and 

unimportant compared to reaction with OH radicals. ar ° Und ^ ^ S °' ar P hotodiss °ciation is 


SO2 + hv — > Products 

with a very w ea h absorption i„ the 

from 180 to 235 nm; the threshold wavelength for nh^d^"’^ 8 stron & absorption extending 
Ph^hentitt. „ f S0 2 has been 
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(1983). Direct photo-oxidation at wavelengths longer than -300 nm by way of the electronically 
excited states of SO 2 appears to be relatively unimportant. 

The absorption cross sections have been measured recently by McGee and Bums (1987) at 295 
and 210 K, between 300 and 324 nm, which is the wavelength region commonly used for 
atmospheric monitoring of S02- 


OCS + hv -» CO + S 


The absorption cross sections of OCS have been measured by Breckenridge and Taube (1970), 
who presented their 298 K results in graphical form, between 200 and 260 nm; by Rudolph and nn 
(1981) between 200 and -300 nm (see also Turco et al., 1981), at 297 and 195 K; by Leroy et al. (198 ) 
at 294 K, between 210 and 260 nm, using photographic plates; by Molina et al. (1981) between 195 an 
260 nm, in the 195 K to 403 K temperature range. The results are in good agreement in the regions 
of overlap except for X > 280 nm, where the cross section values reported by Rudolph and Inn (1981) 
are significantly larger than those reported by Molina et al. (1981). The latter authors concluded 
that solar photodissociation of OCS in the troposphere occurs only to a negligible extent. 


The recommended cross sections, given in Table 54, are taken from Molina et al. (1981). 
(The original publication also lists a table with cross section values averaged over 1 nm intervals 
between 185 and 300 nm.) 


The recommended quantum yield for photodissociation is 0.72. This value is taken from the 
work of Rudolph and Inn (1981), who measured the quantum yield for CO production in the 220-254 
nm range. 


CS2 + hv -» CS + S 

The CS2 absorption spectrum is rather complex. Its photochemistry has been reviewed by 
Okabe (1978). There are two distinct regions in the near UV spectrum: a strong absorption 
extending from 185 to 230 nm, and a weaker one in the 290-380 nm range. The threshold 
wavelength for photodissociation is -280 nm. 

The photo-oxidation of CS 2 in the atmosphere has been discussed by Wine et al. (1981d), who 
report that electronically excited CS 2 may react with O 2 to yield eventually OCS. 
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Table 54. Absorption Cross Sections of OCS 


X 

(nm) 

10^®a(cm 

i 2 ) 

X 

(nm) 

lO^cKcm 

.2) 

295 K 

225 K 

295 K 

225 K 

186.1 

18.9 

13.0 

228.6 

26.8 

23.7 

187.8 

8.33 

5.63 

231.2 

22.1 

18.8 

189.6 

3.75 

2.50 

233.9 

17.1 

14.0 

191.4 

2.21 

1.61 

236.7 

12.5 

9.72 

193.2 

1.79 

1.53 

239.5 

8.54 

6.24 

195.1 

1.94 

1.84 

242.5 

5.61 

3.89 

197.0 

2.48 

2.44 

245.4 

3.51 

2.29 

199.0 

3.30 

3.30 

248.5 

2.11 

1.29 

201.0 

4.48 

4.50 

251.6 

1.21 

0.679 

203.1 

6.12 

6.17 

254.6 

0.674 

0.353 

205.1 

8.19 

8.27 

258.1 

0.361 

0.178 

207.3 

10.8 

10.9 

261.4 

0.193 

0.0900 

209.4 

14.1 

14.2 

264.9 

0.0941 

0.0419 

211.6 

17.6 

17.6 

268.5 

0.0486 

0.0199 

213.9 

21.8 

21.8 

272.1 

0.0248 

0.0101 

216.2 

25.5 

25.3 

275.9 

0.0119 

0.0048 

218.6 

28.2 

27.7 

279.7 

0.0584 

0.0021 

221.5 

30.5 

29.4 

283.7 

0.0264 

0.0009 

223.5 

31.9 

29.5 

287.8 

0.0012 

0.0005 

226.0 

30.2 

27.4 

292.0 

0.0005 

0.0002 




296.3 

0.0002 

- 
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NaCl + hv -* Na + Cl 

There .re several studies of the UV 

earlier work, which was earned out at hieh L‘ e “ pe ™‘ fr ’ om th e work of Silver et al. (1986), who 

r.r:d n ts * *-• from - 190 w 360 nm ' y 

directly monitoring the product Na atoms. 


Table 55. Absorption Cross Sections of NaCl Vapor at 300 K 


X(nm) 


lO^Ocrtcm^) 


189.7 
193.4 

203.1 

205.3 
205.9 

210.3 

216.3 

218.7 

225.2 

230.4 

231.2 

234.0 

237.6 

241.4 

248.4 

251.6 

254.8 

260.2 
268.3 

277.0 

291.8 


612 

556 

148 

90.6 

89.6 

73.6 
151 

46.3 

146 

512 

947 

1300 

638 

674 

129 

251 

424 

433 

174 

40 

0.8 


NaOH + hv Na + OH 

measurements of Daidoji (1979). Additional measurements are reared. 
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heterogeneous chemistry 


strato^L^rproress*^ Hotever.^tWs isVrelaT^ availabIe inforniation on heterogeneous 
further results can be expected to cY langeVur* re,atlvely nev ^ and ra Pidly developing field and 
a regular basis. The topic’s comDlexitv ' a ,v ®’ an ^ even understanding on 

chemical and physical properties of stratosDhe^Ww * ^ the dlfficu,ty of characterizing the 
suitable simulations in the laboratory. 6 erogeneous surfaces and then reproducing 

Surfeoe TVpgfl 


sign ificaiU bevel s^i^th e” slr^^s^h ere SF Th e^arT - ^ 1 ) f iT'l ■ t ° *T PreSent at 

nominally composed of nitric acid trihydrate (HN0 3 ^ JhoO ' 2) cZt ^ ato f 8pi } e ^ c , clouds (PSCs ) 
ice , designated as Type II PSCs because th» r 3 *. , 2 ’’ 2 cr ystals of relatively pure water 

believed to be nucleated by T^e Hs^ mdar surfT T temperatures than Type I and are 
aircraft under some .trainee conTut ,) a tl IZi aS /°" trai ! 5 »><>W" d altitude 

liquid phase surface generally composed of 60 - 80 weight ^r™ntHjSoTa,H WhlCh ,s nominally a 
weight percent HoO While PSPs «« fW e Percent H2SO4 and concomitantly, 40-20 

stratosphere at hfgh laXe^ulW a Jd ee S , UggeSlS ' f ° rmed Primaril >' in winter 

influence stratospheric chemistry on a global bmu, pra . seat y ear roand at all latitudes and may 
sulfur periodically increase ° f ^ 

subject to a e s^!^i^in l m S nge , of a nat^al^var l i^ility ea certain 8C h C* “ ncartain and Probably 
these surfaces, such as their ability to absorb a 

strongly dependent on their detailed chemical r-nmnne f w d HN ° 3, are known to be 

processes studied under laboratory conditions (and in some Moreovar . most heterogeneous 

conditions) can change the chemical mm n„„r e *u oma cases Proceeding under stratospheric 
the kinetic or in WayS " hich si ^^cantly affect 

dependent nature of the active suZe L reouired in tbe T’ f- Car f ul anaIysis of the «»•- 
experiments. Experimental techniques which allow evduabon of measured uptake kinetics 
surface reaction kinetics with high time resolution an!l/n ea ^ urement of mass accommodation or 
credible in establishing that measured kTnet c t tr8Ce gaS fluX6S are often more 

surface saturation or changing surface chemical composition.^ Sen ° US,y com Promised by 

reaction probabilities ar^epara^ accommodation coefficients and surface 

three stratospheric surfaces noted*^ above Sin J th * atmos P henc tra ce gas species for the 

surface composition (e g the HoSOri/HoO mf f f / 6 pararnet,ers can var y significantly with 
I PSC) the Sependence 8 if ^ " the HN03/H2 ° ratio for ^ 
data are available. Furthermore, data are also^omDileTf^ o s « tlon is reviewed where sufficient 
This surface is one asymptote of the HoSO-d/HoO a P i ( ° r 1( ^ uld Wfl t er for several reasons, 
species with liquid waZand wafer £?£££ PSClf T <* ' ‘race 

some trace species by water surfaces in th^trnnn ^ sur faces are often similar; and the uptake of 
tropospheric chemical lifetimes and thus the *f er ® Can P ! ay , a key role in understanding their 
stratosphere. Finally, a K Wh,Ch may be transported info the 

relevant to the stratosphere perturbed by volcanic eruntionTor^rH Salt , S f Urfa . ces - which . may be 
also included. Heterogeneous processes on soot 0™^.^ k u- 1 °, ,d racket ex haust particles are 

hydrocarbon propellant are no. addresaed in thi, tabula.jbjf 4 £td£Sd in .he'tenrf " 6 


Tempera tune fleBCBdeBtt 


aomet n .r.^^ofpt 8 b.“ 
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dependencies have not been characterized for many systems of interest, temperature effects on 
Sc date are noted where available. More work which fully separates heterogeneous kmebe 
temperature effects from temperature controlled surface composition is obviously needed. 

Solubility Limitations 

Experimental data on the uptake of some trace gases by various stratospherically relevant 
surface s^can be shown to be governed by solubility limitations rather than kinetic processes 
thet case" properly analyzed data can yield measurements of trace gas solub.l.ty Parameter* 
relevant to stratospheric conditions. In general, such parameters can be s rong y epen 
both condensed phase composition and temperature. Such parameters .» « re'y 'mportant m 

stratospheric models since they can govern the avadab.hty of a reac an t for r a 
heterogeneous process (e.g., the concentration of HC1 available for the HC1 + C 10 N 0 2 reaction o 
sulfuric acid aerosols) or the gas/condensed phase partitioning of a heterogeneous reaction product 
(e.g., the HNO 3 formed by the reaction of N 2 O 5 on sulfuric acid aerosols). 

Data Organization 

Data for trace gas heterogenous interactions with relevant condensed phase surfaces are 
tabulated in Tables 56, 57 and 58. These are organized into: 

Table 56 - Mass Accommodation (Sticking) Coefficients 

Table 57 - Surface Reaction Probabilities 

Table 58 - Solubility Data 

Mass accommodation coefficients (a), often called sticking coefficients, represent the 
Drobability of reversible uptake of a gaseous species colliding with the condensed surface 
interest ^or liquid surfaces this process is generally followed by bulk solvation Examp es 
include: simple surface absorption, absorption followed by ionic dissociation and solvation eq g 
HC1 + HoO <-» H+(aq) + Cl* (aq) and absorption followed by a reversible chemical reaction wi 
condensed phase substituent (e.g., S0 2 + H 2 0 « H+ + HSO 3 - ). Processes involving liquid 
surfaces are subject to Henry's law which limits the fractional uptake of a gas phase species into a 
liauid If the gas phase species is simply solvated a physical Henry s law restraint holds, if the 
gas phase species reacts with a condensed phase substituent as in the sulfur dioxide/hqmd water 
case noted above, a “chemically modified” or “effective” Henry s law constraint holds. It is 
presently unclear whether “surface solubility” effects govern the uptake on nominally solid water 
ice or HNO 3 /H 2 O ice surfaces in a manner analogous to bulk solubility effects for liquid 

substrates. 

For some trace species on some surfaces experimental data suggest that mass 
accommodation coefficients untainted by experimental saturation limitations have been 
obtained These are tabulated in Table 56. In other cases experimental data can be shown to be 
subject to Henry’s law constraints, and Henry’s law constants, or at least their upper limits, can be 
determined. These are tabulated for liquid surfaces in Table 58. Some experimental date sets are 

insufficient to determine if measured “uptake” coefficients ThTse are 

or if the measurement values are lower limits compromised by saturation effects. These are 

currently tabulated, with suitable caveats, in Table 56. 

Surface reaction probabilities (y) are kinetic values for generally irreversible r^ctive 
uptake of trace gas species on condensed surfaces. Such processes are not subject to Henry s law 
constraints- however, the fate of the uptake reaction products may be subject to saturation 
limitations’ For example, N 2 0 5 has been shown to react with sulfuric acid aerosol surfaces. 
However if the H 2 SC> 4 /H 2 0 ratio is too high, the product HNO 3 will be insoluble and a large 
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frrpvpraih!! 11 ** * Xpelled back into the S as P^ase. Surface reaction probabilities for substantially 
irreversible processes are presented in 57. Reaction products are identified where known. 

The data in Tables 56 and 57 are organized by trace gas species, since some systematic 

Ind/nr nh ** expeCt .f d for surface accommodation or reaction as the surface composition 
and/or phase is varied. Data presented for one surface may be judged for “reasonableness” bv 
comparing with data for a “similar” surface. In some cases it is not yft clear if suTce uptake is 

u^flk reVer fT 6 (accommodatlon) or ^reversibly reactive in nature. In such cases the available 
uptake coefficients are generally tabulated in Table 56 as accommodation coefficients a 
judgement which will be subject to change if more definitive data become available. 

. 8 - Sp ® C,flC eva,uatec | va Iue for an accommodation coefficient or reaction probability 

has been obtained, an estimated uncertainty factor is also tabulated. However, when the date 

no’e“re pre^Sd°" ^ ° ^ UPPer "° U " certai " ty faclw be reliably estimated and 
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Table 56. Mass Accommodation Coefficients (a) 


Gaseous 

Species 


HC1 


Surface 
Type 


Water Ice 
Liquid Water 
Nitric Acid Ice 
Sulfuric Acid 


Composition 


H 2 0(s) 

H 2 0(1) 

HNO3 • 3H 2 0 (s) 

H 2 S04 • nH 2 <XD 
(n £ 8, < 40 wt.% H 2 SC>4) 

(n < 8, >40 wt.% H 2 SC>4) 


T(K) 


191-211 

274 

191-211 


Uncertainty Notes 
Factor 


0.3 

0 . 2 * 

0.3 


3 

2 

See note 


1 

2 

3 

4 


283 0.15* 2 

218 >0.05* 

(No data - all measurements limited by 
HC1 solubility) 


HN03 

Water Ice 

H20(s) 

200 

268 

0.03 

0.2* 

3 

2 

5 

6 

Liquid Water 

H2OO) 



7 


Sulfuric Acid 

H2SO4 • nH20(l) 
(73 wt.% H2SO4) 
(75 wt.% H2SO4) 
(96.5 wt.% H2SO4) 

283 

230 

296 

0.1 

> 2 x 10' 3 
< 4 x 10' 3 

2 


03 

Water Ice 
Liquid Water 
Nitric Acid Ice 

H20(s) 

H 2 0(1) 

HNO3 • 3H20(s) 

195-262 

292 

196 

< 1 x 10'6$ 
> 2 x 10-3* 
2.5 x 10-4* 

3 

8 

9 

8 

10 


Sulfuric Acid 

H2SO4 • nH20(l) 
(50 wt.% H2SO4) 
(97 wt.% H2SO4) 

196 

196 

< 1 x 10- 6 * 

< 1 x 10- 6 * 



H202 

Liquid Water 
Sulfuric Acid 

H2OO) 

H2SO4 • nH20(l) 
(96 wt.% H2SO4) 

273 

298 

0.18* 

> 8 x 10-4* 

2 

11 

12 

N02 

Water Ice 
Liquid Water 

H2CKS) 

H20(l) 

196 

273 

< 1 x 10-4* 
>6x10-4* 


13 

14 


Sulfuric Acid 

H2SO4 • nH20(l) 
(96 wt.% H2SO4) 

298 

< 1 x 10- 6 * 


12 

NO 

Water Ice 

H20(s) 

196 

< 1 x 10-4* 


15 

Sulfuric Acid 

H2SO4 • nH20 
(96 wt.% H2SO4) 

298 

< 1 x 10-6* 


16 

SO2 

Liquid Water 

H 2 O0) 

260-292 

0.11 

2 

17 

Sulfuric Acid 

H 2 S04 • nH 2 0(l) 
(96 wt.% H2SO4) 

298 

< 1 x 10'6* 


18 

ho 2 

Liquid Water 
Aqueous Salts 

H 2 O0) 

NH4HS04(aq) 

275 

293 

>0.02 

>0.2 


19 

19 


and LiN03(aq) 

275 

>0.07 


20 


Sulfuric Acid 

H2SO4 • nH 2 0(l) 




(28 wt.% H 2 SC>4) 
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h 2 o 


CF20 


Table 56. (Continued) 

Composition 



Liquid Water 
Sulfuric Acid 


Sulfuric Acid 
HO2NO2 Sulfuric Acid 


Water Ice 
Sulfuric Acid 


Water Ice 
Liquid Water 
Nitric Acid Ice 
Sulfuric Acid 


h 2 0(1) 

H 2 S0 4 ♦ nH 2 Od) 
(28 wt.% H 2 S0 4 ) 
(96 wt.% H 2 S0 4 ) 
H 2 S0 4 • nH 2 0(l) 
(96 wt.% H 2 S0 4 ) 

H 2 S0 4 « nH 2 0(l) 
(96 wt.% H 2 S0 4 ) 

H 2 CXs) 

H 2 S0 4 • nH 2 0 
(96 wt.% H 2 S0 4 ) 

H 2 0(s) 

h 2 0(1) 

HNO3 • 3H 2 0(s) 
H 2 S0 4 • nH 2 0(l) 


275 

298 

298 

298 

200 

298 

192 

260-290 

192 

215-230 


> 4 x 10 -3 

> 0.07 

> 5 x 10-4} 

< 1 x 10-6} 


< 2.7 x 10‘ 5 } 
0.5 

> 2x 10' 3 } 

< 3x 10-6} 

< 1 x 10-3} 

< 3 x 10-6} 


21 

22 


23 


24 


25 

26 


27 

28 
27 




(60 wt.% H2SO4) 


3 x 10-6$ 

3 




(40 wt.% H2SO4) 


6 x 10-5$ 

2 


cci 2 o 

Liquid Water 

H 2 0(1) 

260-290 

< 1 x 10-3} 


28 

CF3CC10 

Liquid Water 

H 2 0(1) 

260-290 

< 1 x 10-3$ 


28 

CF3CFO 

Liquid Water 

H 2 0(1) 

260-290 

< 1 x 10-3$ 


28 

CI 2 

Water Ice 

H 2 CXs) 

200 

< 1 x 10-4$ 


29 


* Varies with T, see Notes. 
t Measurement likely affected by saturation. 
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9. 


10 . 


FOR TABLE 56 

HC1 on H20(s) - Leu, 1988a (0.4; +0.6, -0.2) and Hanson and Ravishankara, 1991b (a > 0.3) 
are in reasonable agreement at stratospheric ice temperatures. 

HC1 on HoO(l) - Recommendation is based on Van Doren et al., 1990. Measured a s 
decrease from 0.18 ± 0.02 at 274 K to 0.064 ±0.01 at 294 K, demonstrating a Strang negative 
temperature dependence. Tang and Munkelwitz (1989) have measured a larger (0.45 -0.4) 
HC1 evaporation coefficient for an aqueous NH4CI droplet at 299 K. 

HCl on HNO3 • nH20 - There is severe disagreement between Hanson and Ravishankara 
(1991b) (a > 0.3) for NAT (54 wt. % HNO3 ), and Leu et al., (1991) (a = 8 x 10-3 to < 9 x 10-7 over 
weight % range of 44-57). Variation with HNO3 wt. % in Leu et al. seems unreasonab e 
unless a solubility limitation is operating. Data plotted in Moore et al (1990) suggest upUke 
coefficients measured by Leu et al. (1991) may be surface solubility limited and hence may 
not represent a. However, further work is needed to reconcile the measurements of Hanson 
andlftavish.nkara with those of Leu et al. The measurements of Hanson and 
Ravishankara (1991) are consistent with a = 1. 

HCl on H 2 S 04 *nH 2 0 - Measurements by Watson et al. (1990) at 284 K show a = 0.15 ±0.01 
independent of n for n >8. Experimental uptake and, therefore apparent a falls off for n <8 
(>40 wt % H2SO4). This behavior is also observed at stratospheric temperature (218 ) y 

Hanson and Ravishankara (199 Id). Solubility constraints also controlled earlier low 
temperature uptake measurements of Tolbert et al. (1988b). 

HNO3 on H 2 0(s) - Leu (1988a) reports 0.3 (+0.7, -0.1). Some additional uncertainty is 
introduced by effective ice surface area in fast flow measurement (see Keyser et al., 1991). 

HNO3 on H 2 0(1) - Measured a has a strong negative temperature dependence varying from 
0.19 ± 0.02 at 268 K to 0.07 ± 0.02 at 293 K (Van Doren et al., 1991). 

HNCh on H 2 S0 4 *nH 2 0 - Initial uptake at 73 wt. % H 2 S0 4 allows a measurement of a = 0.11 
± 0 01 at 283 K (Van Doren et al., 1991). This value is expected to increase at flower 
temperatures, similar to H 2 0(1) uptake (Van Doren et al., 1990). Total HNO3 uptake is 
subject to Henry’s law solubility constraints, even at stratospheric temperatures (Reihs et al 
1990). Solubility limitations also affected the earlier “sticking coefficient measurements of 
Tolbert et al. (1988b). 

03 on H 2 0(s) - Undoped ice surfaces saturate too quickly for reliable measurements. When 
ice is doped with Na 2 S03 to chemically remove absorbed 03, the apparent a increases to x 
10-2 (0 1M) or up to 4 x 10-2 (1M) (Dlugokencky and Ravishankara, 1992). Limit of a -10- 
or undoped ice is consistent with earlier measurement by Leu (1988b) of Si * 1^ 
Dlugokencky and Ravishankara also measured the tabulated value of an uptake coefficie 
for O3 on an NAT “like” surface but the data were difficult to reproduce and the surfaces were 

not well characterized. 

O3 on H 2 0(1) - Utter et al. (1992) used a wetted wall flow tube technique with various chemical 
scavengers to measure a lower limit for a of 2 x 10*3. The stopped flow measurement 
technique using an SO3 = scavenger (Tang and Lee, 1987) is subject to saturation effects, so 
their quoted a of 5.3 x 10-4 is also taken as a lower limit. 

O3 on H 2 S04*nH 2 0 - Recent flow tube measurements (Dlugokencky and Ravishankara, 
1992) of a<10-6 on solid H2SO4 surfaces are consistent with earlier, but probably less 
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11 . 

12 . 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20 . 

21 . 

22 . 

23. 

24. 


quantitative, static systems measurements of Olszyna et al. (1979) and aerosol chamber 
measurements of Harker and Ho (1979) who report a’s of the order 10*8 or less for a variety of 
sulfuric acid concentrations and temperatures. In these earlier experiments doping the 
H2SO4 with Ni , Cr2+, A13+, Fe3+ and NH4+ (Olszyna et al., 1979) or A1 2 0 3 or Fe 2 0 3 
(Harker and Ho 1979) did not significantly increase measured 0 3 loss. Ozone uptake is 
probably limited by saturation effects. 

H2O2 on H 2 0(1) - Measured accommodation coefficient (Worsnop et al., 1989) has a strong 
deCT^I,C3TaT292K endenCe ^ ** meaSUred range of : 260 ' 272 K, with a = 0.3 at 260K 

H 2 0 2 on H 2 S04»nH 2 0 - Knudsen cell uptake measurement is subject to surface saturation 
thus value quoted by Baldwin and Golden (1979) is almost certainly a lower limit This is 
probably also responsible for the lack of measured uptake for NO, N0 2 , S0 2 and other species 
reported in this reference and Baldwin and Golden (1980). 

N0 2 on H 2 0(s) - In the absence of a chemical sink, Leu (1988b) measured no sustained 

uptake of N0 2 on ,ce yielding an apparent a <1 x 10-4. This value is probably influenced by 
surface saturation. J 

N0 2 on H 2 0(1) - Measured o of (6.3 ± 0.7) x 10-4 (Tang and Lee, 1988) was achieved by 
chem.cal eonsumplion of N0 2 by S0 3 =. Stopped flow measurement was probably still 
affected by surface saturation, lending to the measurement of a lower limit. 

NO on H 2 0(s) - See note 13; NO subject to same concerns as N0 2 . 

NO on H 2 S04»nH 2 0. See Note 12. 

S0 2 on H 2 0(1) - Measured a of 0.11 ± 0.02 has no significant temperature variation over 
temperature range of 260 - 292 K (Worsnop et al., 1989). 

S0 2 on H 2 S04*nH 2 0. See Note 12. 

H0 2 on H 2 0(1) - Determination of a in liquid wall flow tube (Hanson et al., 1992) is 
dependent on diffusion corrections; measured limit (a >0.02) is consistent with a = 1. In the 
aqueous salt aerosol measurements of Mozurkewich et al. (1987), H0 2 was chemically 

scavenged by Cu++ from added CuS0 4 to avoid Henry's law constraints; this measurement 
is also consistent with a =1. 1 

H02 on H 2 S0 4 *nH 2 0 - Liquid wall flow tube technique used by Hanson et al. (1992) is 
subject to a large gas phase diffusion correction; measured lower limit is consistent with a = 


OH on H 2 0(1) - see Note 20, OH and H0 2 measurements of Hanson et al. (1992) are subiect to 
same analysis issues. J 

OH on H 2 S04«nH 2 0 - See Note 20 for measurement by Hanson et al. (1992) and Note 12 for 
measurement by Baldwin and Golden (1980). 

O on H 2 S04»nH 2 0 - See Note 12. 

H0 2 N0 2 on H 2 S04«nH 2 0 - See Note 12. 
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25. H 2 0 on H 2 0 (s) - Measurements are available from Leu (1988a) giving 0.3 (+0.7, -0.1) at 200 
K and Haynes et al. (1991) (1.1 ± 0.1 to 0.71 ± 0.2) from 20 to 185 K. 

26. H2O on H2S04 # nH20 - See Note 12. 

27. CF 2 0 coefficient uptake measurements by Hanson and Ravishankara (1991c) on 
stratospheric surfaces are probably subject to surface and/or bulk saturation effects and may 
not represent accommodation coefficient measurements. 

28. Halocarbonyls on H 2 0(1) - Uptake may be solubility limited, thus limits on accommodation 
coefficients measured by Worsnop and Davidovits (1991) could be too large. 

29. See Note 13, Cl 2 subject to same concern as N0 2 . 
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Table 57. Gas/Surface Reaction Probabilities (y) 


Gaseous 

Species 


Surface 

Type 


CIO + Surface -^Products 

Cl O Water Ice 

Sulfuric Acid 

Cl + Surface — > Products 
Cl Sulfuric Acid 

CIONQ2 + H2O ->HOCI + HNO3 

C10N0 2 Water Ice 

Nitric Acid Ice 
Sulfuric Acid 


Composition 


C10NO2 + Ha -4 a 2 + HNO3 

C10N0 2 /HC1 Water Ice 

Nitric Acid Ice 
Doped with HC 1 
Sulfuric Acid 


a0N02 + Naa(s) -> CI 2 + NaNC >3 

CIONO 2 Sodium Chloride 

aONC>2 + NaBr(s) -> BrCl + NaNO 

CIONO 2 Sodium Bromide 

N2O5 + H 2 0 2HNO3 

N 2 O 5 Water Ice 

Liquid Water 
Nitric Acid Ice 
Sulfuric Acid 


H 2 0(8) 

H2SO4 • nH2(Xl) 

(72 to 95 wt.% H2SO4) 


H2SO4 • nH20(l) 

(72 to 95 wt.% H2SO4) 


H20(s) 

HNO3 • 3H 2 0(s) 
H2SO4 ♦ nH20(l) 
(40 wt.% H 2 S0 4 ) 
(60 wt.% H2SO4) 
(65 wt.% H 2 S0 4 ) 
(70 wt.% H 2 S0 4 ) 
(75 wt.% H2SO4) 
(96 wt.% H2SO4) 


H20(s) 

HNO3 • 3H 2 0 * HC1 

H2SO4 • nH20(l) 
(H 2 S0 4 wt.% > 60)) 


T(K) 


190 

221-296 


200-202 

200-202 

218 

215 

215 

220 

230 

295 


200-202 

200-202 


Uncertainty Notes 
Factor 


> 0.01 

8x10-5 


221-296 2x 10"* 


0.3 

0.006 

6.4 x 10-1 

3.1 x 10-3 

1.2 x 10-3 

3.9 x 10-4 

1.9 x 10-4 

3.2 x 10-4 


0.3 

0.3 

See note 


10 


10 


3 

See note 

2 

2 

2 

2 

2 

2 


3 

3 


1 

2 


4 

5 


NaCl(s) 

rj 

300 

See note 


10 

5 

NaBr(s) 

300 

See note 


10 

H 2 0(s) 

195-200 

0.03 

1.5 

11 

H 2 0(1) 

270-275 

0.08* 

2 

12 

HNO3 * 3H 2 0(s) 

200 

6x10"* 

3 

13 

H2SO4 * nH 2 0(l) 

210-230 

0.1 

2 

14 
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Table 57 . (Continued) 


Gaseous Surface 

Species Type 

Composition 

T(K) 

y 

Uncertainty 

Factor 

Notes 

N2O5 + HCl -> CINO2 + HNO3 

N2O5 Water Ice 

Nitric Acid Ice 

H 2 0(s) 

HNO3 • 3H 2 0(s) 

190-220 

200 

0.03 

0.003 

See note 
2 

15 

16 

N2O5 + NaCl(s) -» CINO2 + NaN 0 3 (s) 

N2O5 Sodium Chloride NaCl(s) 

298 

> 2.5 x 10-3 

17 

N2Q5 + NaBr(s) -»BrN 02 + NaN 0 3 (s) 

J1J2O5 Sodium Bromide NaBr(s) 

298 


See note 

17 

HOC 1 + HCl(s) -> Cl 2 + H2O 

HOC 1 /HC 1 Water Ice 

Nitric Acid Ice 

H 2 CXs) 

HNO3 • 3H 2 0(s) 

195-200 

195-200 

0.3 

0.1 

3 

3 

18 

18 


* y is temperature dependent 
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2. 


3. 


4. 


8 . 


9. 


NOTES FOR TART LY 

CIO on H 2 0(s) - Proposed reaction (Leu et al., 1988b) is 2 CIO -* Cl 2 + 0 2 - reactive uptake 

Z.S: C '° " hi ‘ h -™. ”> a P <*—« on “ p ra,“ P ao 

« ^Xn^Vn 4 H2 ° h “ ea ’ Ured reacti0 " P^W'% (Martin et al., 1980) varies between 2 
is claimed t» be HCl! n"cl 2 " ^ '* temperature - «“<*«■> product 

?° 5 "“f°Y„ 4 H2 °„' ““TI? 8 reaCti ° n probabilitJ ’ (Mar «" * ■!-. 1980) varies between 3 x 
HCl d as 20 and T co va ^ “ stat<!d ‘ n N »lo 9- Reaction product is claimed to be 

CI0N02 on H 2 0(s) • Measurement of y = 0.3 (+0.7, -0.1) (Hanson and Ravishankara 1991a) 

irilMM e *. C “ < s Piovous measurements of Molina et al. (1987), Tolbert et al (1987) 

form., ’ and “c 00 ™ “r* 1 (,990) - Pre vk>us -easurements were proLably i mpId^ bv NAT 

Q991, m " ‘TT L r er ,evels ° f C'ON0 2(6 ) used by Hanson andTavlank^I 

M of H,e Hm a ‘TT ‘ Murathn Problem. Reaction products are HN0 3 and HOC1 

Zf, m° 3 and To ° r lhe H0C1 is retai " ad «" ‘ho surface under polar stratospheric 
conditions (Hanson and Ravishankara, 1991b). PCC 

for'ciONO^rea'I 03 ” +h 5? ' HanS0 " a " d Rav ishankara (1991a, b) report a value of 0.006 

al S uHfJ H I TV" AT ‘, HN ° 3 * 3H20) ' Similar 'iPoriments (Moore et 
’’ 19 9 °’ r u ^ u 199 ! rep ° rt 8 larger value 0 02 10 01 which falls very rapidly as slight 
excesses of H 2 0 above the 3/1 H 2 0/HN0 3 ratio for NAT are removed. They Assure y of 

less than 10 - ^ for slichtlv wafpr nnnr “MAT*” »tvl ♦ • ' 

and Ravishankara (1991a, b) and the JPL group (Moore et alV^^^et a^lS h 2 " 80 ? 

a e factoro 0 f4 ed ' Ravishankara < 1991b ) report that y for ’this reaction increaseVby 

a actor of 4 as the surface temperature increases from 191 to 211 K y 

MdStta” H98 4 7)’ TW ' Q “° ted reS T‘ arC fr ° m HanS0 " °" d Ravishankara (1991d> 
and Rossi et al. (1987 The former agree within a factor of two at 65 and 75 wt.% HoSO a with 

TabTe U 57 m h» S h y hf" Tv' (1988b, i furtber »>>ich are consistent with those n 

nnoi+f 7 jT-S"" obtained by Reihs et al. (1991). Results of Hanson and Ravishankara 

Lere W is S4 w“t i 199 " be 6>;PreSSed aS ' 08l ° <Y) = 187 ■ 0 0747 W ' f »r <0 < W < 75 

OHMdtael al SIT" Pr ° babimies ° f 027 <+0 ' 73 ’ ' 013) 1988a) and 0.05 to 

Hanson .d Rarish 7 e acri“ ^ 
when H 2 0(s) „ doped with HCl. Their preferred value is y= 0.3, but is consistent with y = 1 

CiON° 2 + HCl on HNO3 • 3ri 2 0 - Measurements by Hanson and Ravishankara (1991a b) 
and Leu and co-workers (Moore et al., 1990- Leu et al 199n Vwk ™ r , . , ,D; 

relatively independent of the HN0 3 /H 2 0 ratio ’ C ° nf ‘ rm & VCry hlgh Y ’ 

C10N0 2 + HCl on H 2 S0 4 • nH 2 0 - Hanson and Ravishankara (1991d) have determined that 

low temperature solubility limits for HCl in H2SO4 • nHoO (> 60 wt % HoSflil 11 + • 

the ClONOo 4. HPl U J t>u Wt./c H2b04) Will restrict 

nnwn N + . H ° reactl0n demonstrating that HCl vapor has a minimal effect on 
2 uptake on 60-75 wt.% H 2 S0 4 surfaces, confirming the conclusion of Watson et al. 
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10 . 


11 . 


12 . 


13. 


(1990) that HC1 solubility will restrict C10N02 * HCI on normal stratnsph «n. c ac.d 

aerosols. Tolbert et al. (1988b) also noted no measurable enh8 "“™'"\° f C '° r ^reaction 
65 wt % H2SO4 surface at 210 K when the surface is exposed to HCI, however the 

conditions. 

C10N02 on NaCl(s), NaBr(s) - Finlayson-Pitts and “-workers hare shown that CIONO2 
reacts with crystalline NaCl (Finlayson-Pitts et ah, 1989) and NaBr (Berko et al_. 1991) u 
produce Cl 2 and BrCl respectively. No rate data for these reactrons have been reported. 

M nr nn Ho 0(0 Leu (1988b) and Hanson and Ravishankara (1991a) have measured 

nearly identical values of 0.28 (±0.11) and 0 _24 (±30%) near 2M, K. Quinlan et al. (1990) have 
measured a lower limit for y on fresh ice surfaces of 0.03 at 188 K. 

No0 , on H 2 0(1) - Reaction on liquid water has a negative temperature d ® p ®^ enCC 9 
n n Z «1 (1990) measured Vs of 0.057 ±0.003 at 271 K and 0.036 ±0.004 at 282 K. 
Mozurkewf h Calvert (1988) studied T on NH3/H2SO4/H2O aerosols 
water rich aerosols (RH = 76%) they measured Ys of 0.10 ±0.02 at 274 and 0.039 ±0.012 at 293 

K. 

NoOn on HNOa • 3H 2 0(s) - Hanson and Ravishankara (1991a) have measured 7 = 0.0006 
^30%) at 200 KL This is in very poor agreement with 7 = 0.015 (±0.006) reported by Qumlan et 
al. (1990). This latter measurement may have been biased by a supercoo e ni nc 

surface rather than NAT. 

XT n n Horrid • nHoO(s) - Recent measurements by Hanson and Ravishankara (1991d) 
yielded' 0.14 (±0.08, for 60 wt.% H2SO4 7(220, . 

(230) = 0 10 (±0.02) for 75% H 2 S0 4 . This is in good agreement with y (283) - 0.055 (_0.00b) 

70% HoSOa measured by Van Doren et al. (1991), since higher temperatures can be expected 
70% H2bU 4 y , fl991) measure d values near 0.055 over the temperature range 

220 295 iTfbr 75-90 wt % H 2 S04- Their data show little dependence on either temperature or 
u Jol intent T^eir vales are significantly smaller than Hanson and Ravishankara 

HXtlheTas gS ISX D SS £S. ( SS “ jSS S «S gl 

-sits 

consistent with the recommended lower temperature yfor S0 4 = concentrations consistent 
with stratospheric aerosols. 

N2O5 ± HCI on H 2 0(s) - Leu (1988b) measured 7 = 0.028 (±0.011) at 195 K, while Tolbert i rti .1. 
(1988a) measured a lower limit of 1 x 10-3 at 185 K. These experiments were done at high HCI 
IpvpIs nrobablv leading to a liquid water/acid surface solution (Abbott et al., 1991). The 
reaction^ prob^URy nfay be much smaller on HC1/H 2 0 ice surfaces characteristic of the 

stratosphere. 

N 2 C>5 + HCI on HNO3 • 3H 2 0 - Hanson and Ravishankara (1991a) measured y = 0.0032 
(±30%) near 200 K. 

17 N 2 O 5 on NaCl, NaBr - Finlayson-Pitts and co-workers (Finlayson-Pitts et al, 1989; 
Livingston and Finlayson-Pitts, 1991) have demonstrated the N 2 0 5 reacts with crysta i 
NaCl and NaBr to form NaN0 3 (s) plus C1N0 2 and BrN0 2 , respectively. A lower limit of 7 


14. 


15. 


16. 
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18. 


fortte NaCI reaction of 2.5 a 10-3 has been reported by Livingston and Finlayson-P.tt, 

”° C ' * H , C ' h 2 °(s) and HN0 3 • 3H 2 0(s) - Hanson and Ravishankara (1991b) and 

Hkesu^oei Wehiah riae^o U ’* H ° C ' + HC ' reaCtion °" water ice NAT 

a sipnifimnf i H eh reactl0I \ P robabl,ltie s measured indicate that this reaction may play 

r r r o„ Th ~ 

Mo,ina ' 1992> ' The measured yield of product 0,2 ia 
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Table 58. Henry's Law Constants for Gas-Liquid Solubilities 


H(T) 

(M/atm) 


Notes 


HNO3 in H2SO4 • 11H2O 
T 

188-240 

283 

HC 1 in H2SO4 • nll 2 0 

203 

283 

283 

283 

283 

F2CO in H2SO4 • 11H2O 
215-230 


H = A exp(B/T) 


wt. % H 2 SO 4 

A (M/atm) 


B(K) 

58 

7.47 x 10-8 


7.16x103 

66 

0.202 


3.19 x 103 

74 

8.54 x IO - 3 


3.55 x 103 

87 

3.56 x 10-3 


3.32 x 103 

73 


4x10 s 


60 


> 8.6 x 103 


40 


> 1.0 x 104 


50 


> 1.0 x lO 8 


60 


> 1.0 x 102 


70 


> 1.0 x 10 l 


60 


>5 



3 

4 
4 
4 
4 
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NOTES FOR TART F S« 


1 . 


" e * rom ™ a ® urementS of Reihs et al - (1990) in the temperature range 
(VanDoren e^al™ 1991)°" ^ temperatures shows good ^eement with other studies 


2. High temperature value from Van Doren et al. (1991). Estimated from decrease in HNOs 
uptake and gaseous evolution of HNO3 from N2O5 uptake. 


From Tolbert (1989, private communication); see Watson et al. (1990). 


4. 


From Watson et al. (1990). 
calculated from a Hammett- 
solubility given by: 


Estimated by assuming HC1 uptake is solubility limited as 
type acidity function (H 0 ) of aqueous sulfuric acid. Effective 


H * = HK a /10-H o 

where 

HK a = 10? Mtyatm at 283 K 
H 0 = -3 at 40 wt% 

H 0 =-6at70wt% 


See discussion in Watson et al. (1990), Clegg and Brimblecombe (1986), and Schwartz (1988). 

5 ‘ Ha "T “ d Ravishanka ra (1991c) calculate an upper limit for H of F 2 CO based on assumed 
solubility limit resulting in lack of measurable uptake into 60 wt% H2SO4. 
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APPENDIX 1 


SPECIES AHf(298) 
(Kcal/mol) 


SPECIES AHf(298) 
(Kcal/mol) 


SPECIES AH((298) 
(Kcal/mol) 


SPECIES AHf(298) 


H 

H 2 

O 

O^D) 

02 

0 2 ( 1 A) 

02 1 1 !) 

03 

HO 

HO2 

h 2 o 

H 2 02 

N 

N 2 

NH 

NH 2 

nh 3 

NO 

N0 2 

no 3 

n 2 o 

N2O3 

n 2 o 4 

N2O5 

HNO 

HONO 

HNO3 

HO2NO2 

C 

CH 

CH2 

CH3 

CH4 

CN 

HCN 

CH3NH2 

NCO 

CO 

CO2 

HCO 

ch 2 o 

COOH 

HCOOH 

CH3O 

CH3O2 

CH 2 OH 

CH3OH 

CH3OOH 

CH3ONO 

CH 3 0N0 2 

ch 3 o 2 no 2 


52.1 

0.00 

69.57 
104.9 

0.00 

22.5 

37.5 

34.1 

9.3 
3±1 

-57.81 

-32.60 

113.00 

0.00 

85.3 

45.3 
-10.98 

21.57 
7.9 

17±2 

19.61 

19.8 

2.2 

2.7±2 

23.8 
-19.0 
-32.3 
- 11±2 
170.9 
142.0 
93±1 

351.2 

-17.88 

10413 

32.3 

-5.5 

38 

-26.42 

-94.07 

10±1 

-26.0 

-53±2 

-90.5 

4±1 

412 

- 6.2 

-48.2 

-31.3 

-15.6 

-28.6 

- 10 . 6±2 


C2H 
C2H2 
c 2 h 2 oh 
C 2H3 
Q2H4 

Q2H5 

C2H6 

ch 2 cn 

CH3CN 

CH 2 CO 

CH3CO 

CH3CHO 

C2H50 

CH 2 CH 2 OH 

c 2 h 5 oh 

ch 3 co 2 

C 2 H50 2 

CH3C002 

CH300CH3 

C3H5 

C3H6 

n-C3H7 

i-C 3 H7 

C3H8 

C 2 H 5 CHO 

CH3COCH3 

CH3C00 2 N0 2 

S 

S2 

HS 

H 2 S 

SO 

50 2 

503 
HSO 
HSO3 
IJ2SO4 
CS 
CS2 
CS 2 OH 
CH3S 
CH 3 S0 2 
CH3SH 
CH 2 SCH 3 
CH3SCH3 
CH3SSCH3 
OCS 

F 

F 2 

HF 

HOF 


13312 

54.35 

3013 

7213 

12.45 

28.4 
- 20.0 
5712 
15.6 

-1113 

-5.8 

-39.7 

-4.1 

-1013 

-56.2 

-49.6 

-612 

-4115 

-30.0 

39.4 
4.8 

22.612 

1912 

-24.8 

-44.8 

-51.9 

-6215 

66.22 

30.72 

3411 

-4.9 

1.3 

-70.96 

-94.6 

-113 

-9212 

-176 

6712 

28.0 

26.4 

3312 

-57 

-5.5 

3613 

-8.9 

-5.8 

-34 

18.98 

0.00 

-65.34 

-23.411 


FO 

F2O 

F0 2 

F2O2 

FONO 

FNO 

FN0 2 

fono 2 

cf 2 

cf 3 

CF4 

chf 3 

chf 2 

ch 2 f 2 

ch 2 f 

ch 3 f 

FCO 

cof 2 

Cl 

Cl 2 

HC1 

CIO 

ClOO 

OCIO 

cioo 2 

C10 3 

C1 2 0 

C[ 2 02 

C1203 

HOC1 

C1NO 

C1N0 2 

CIONO 

ciono 2 

FC1 

CC1 2 

cci 3 

cci 4 

CHCI3 

chci 2 

ch 2 ci 

ch 2 ci 2 

ch 3 ci 

cico 

coci 2 

CHFCl 

CH 2 FC1 

CFC1 

CFC1 2 

CFCI3 

cf 2 q 

cf 2 ci 2 


2615 

5.91.4 

611 

512 

-1517 

-1612 

-2612 

2.517 

-4412 

-11211 

-223.0 

-166.8 

-5812 

-107.2 

-812 

-55.911 

-41114 

-15312 

28.9 

0.00 

-22.06 

24.4 

2311 

2312 
16.7 
5214 

19.5 
3113 
3413 

-1813 

12.4 

3.0 

13 

5.5 

- 12.1 

5715 

1811 

-22.9 

-24.6 

2312 

2912 

- 22.8 

-19.6 

-511 

-52.6 

-1512 

-6312 

716 

-2212 

- 68.1 

-6413 

-117.9 


CF3C3 

-169.2 

CHFC12 

-68.1 

CHFI^Cl 

-115.6 

COFC1 

-10212 

CH3CH2F 

-63±2 

CH3CHF 

-17±2 

ch 2 cf 3 

-12412 

CH3CHF2 

-12011 

CH3CF2 

-7112 

CH3CF3 

-179±2 

CF2CF3 

-213±2 

chf 2 cf 3 

-264±2 

CH3CF2C1 

-127±2 

CH2CF 2 a 

-7512 

C2C14 

-3.0 

Q2HC13 

-1.9 

ch^Qs 

17±2 

CH3CC13 

-34.0 

CH3CH 2 C1 

-26.8 

CH 2 CH 2 C1 

22±2 

CH3CHa 

17.6±1 

Br 

26.7 

Br^ 

7.39 

HBr 

-8.67 

HOBr 

-19±2 

BrO 

30 

BrNO 

19.7 

BrONO 

25±7 

BrN0 2 

17±2 

BrON0 2 

1215 

BrCl 

3.5 

CH 2 Br 

40±2 

CHBr3 

612 

CHBP2 

45ct2 

CBr 3 

48±2 

CH 2 Br2 

-2.6±2 

CH3Br 

-8.5 

CH3CH 2 Br 

-14.8 

CH 2 CH 2 Br 

3212 

CH 3 CHBr 

30±2 

I 

25.52 

12 

14.92 

HI 

6.3 

CH3I 

3.5 

ch 2 i 

5212 

IO 

41.1 

INO 

29.0 

IN 02 

14.4 
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APPENDIX 2 


PROFILES 


The species profiles presented in these figures were generated bv the LI NT 9 n i e 
roposphere and stratosphere. The tropopause mixing ratios of key trl gaset^re ^ 
chlorine 3.4 ppb, methane 1.69 ppm, nitrous oxide 307 ppb carbon dioxide 350 nnTTrf 

NuXr 9 0 re^mm?ndat C ioToat , N^lVanel Si molT™ 

1 -esraSSS 

then •? J? t f,? 2 °, to f . nitnc acid > and the predicted nitric acid profiles are smaller 

than the available satellite distributions indicate. 

1 1 NI T 9 e n ate ??? ntS , f ° r various Photolytic processes are derived from a version of the 

LLNL 2-D model developed for the 91/92 TTNFP ronnrf 0 ” " version oi tne 

a mosphere. Further details on this model will appear in the UNEP report. 
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